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IONOSPHERIC RESEARCH FROM SPACE VEHICLES 

R. E. BOURDEAU 
Space S c i e n c e s  D i v i s i o n  

NASA-Goddard Space F l i g h t  C e n t e r ,  G r e e n b e l t ,  Maryland 

1. I n t r o d u c t i o n  

P r e v i o u s  t o  t h e  adven t  of a r t i f i c i a l  s a t e l l i t e s ,  o u r  knowledge 

of  t h e  i o n o s p h e r e  was l i m i t e d  p r i n r i p s l . l y  t c r !  t h e  i n t e r p r e t s t i e c  
of d a t a  f rom t h e  c l a s s i c a l  ground-based ionosonde and a f e w  
r o c k e t  measurements of i o n i z i n g  r a d i a t i o n ,  e l e c t r o n  d e n s i t y  

and i o n  compos i t ion ,  a l l  a p p l i c a b l e  t o  a l t i t u d e s  below t h e  

F2 peak .  The e a r l y  r o c k e t  r e s u l t s  of SEDDON and JACKSON, 

which have  been summarized by RATCLIFFE and WEEKES (1960) ,  

show t h a t  t h e  lower i o n o s p h e r e  i s  c h a r a c t e r i z e d  by a n  e l e c t r o n  

d e n s i t y  which i n c r e a s e s  mono ton ica l ly  w i t h  a l t i t u d e  and t h u s  

t h a t  t h e  t e r m  ' 'laye,y" is  a n  i n c o r r e c t  nomencla ture  f o r  t h e  

D ,  E and F r e g i o n s .  I n  more r e c e n t  years ,  a w e a l t h  of d a t a  

h a s  been g a t h e r e d  on t h e  t e m p o r a l ,  s p a t i a l  and ene rgy  d i s t r i -  

b u t i o n  of  t h e  cha rged  p a r t i c l e s  which form t h e  ionosphe re .  

T h i s  h a s  been  accompl ished  a t  p r e v i o u s l y  r e l a t i v e l y  unexp lo red  

a l t i t u d e s  w e l l  above t h e  F2 peak.  Concur ren t ly  b u t  u n f o r t u n a t e l y  

n o t  s i m u l t a n e o u s l y ,  measurements have been made of  t h e  t i m e  
dependence of  c o r s p u c u l a r ,  u l t r a v i o l e t  and X - r a d i a t i o n .  The 

most s e r i o u s  o b s e r v a t i o n a l  gap is  i n  t h e  s t r u c t u r e  of  t h e  

n e u t r a l  a tmosphere  where t h e  most s i g n i f i c a n t  c o n t r i b u t i o n  

h a s  been t h e  computa t ion  of t h e  n e u t r a l  d e n s i t y  pa rame te r  

f rom s a t e l l i t e  d r a g  o b s e r v a t i o n s .  

T h i s  pape r  compares t h e  a v a i l a b l e  i n t e r d i s c i p l i n a r y  

e x p e r i m e n t a l  d a t a  w i t h  t h e o r e t i c a l  models of t h e  D ,  E ,  and 

F r e g i o n s  a s  w e l l  a s  t h e  upper  i o n o s p h e r e ,  e v e n t u a l l y  s e l e c t i n g  

t h o s e  models  which b e s t  f i t  t h e  s p a c e f l i g h t  o b s e r v a t i o n s .  

Because a s i g n i f i c a n t  amount of low-energy cha rged  p a r t i c l e  d a t a  

were o b t a i n e d  by d i r e c t  sampl ing  t e c h n i q u e s  and because  t h i s  



methodology is relatively new to ionospheric research, the paper 
contains brief discussions of the validity of some of these 
results as they are presented. Although the theoretical models 
of all ionospheric regions have been enhanced significantly 
by increased spaceflights, refinement and changes in these 
models await the next two major steps - the launching of 
satellites and rocket probes which are truly geophysical in 
nature and the correlation of such interdisciplinary measurements 
with data resulting from recent breakthroughs in ground-based 
observational methods. 

2. The D Region Under Quiet Solar Conditions 

The D region, situated between approximately 50 and 85 
kilometers, is the lowest ionospheric subdivision where a 
significant number of free electrons are found. This altitude 
interval is difficult to treat theoretically and experimentally 
because of the low charged particle concentrations, because 
the relatively high gas densities result in high electron 
collision frequencies, and because of the high probability 
of negative ion formation. 

Spaceflight radiation observations made during the absence 
of solar flares show that the three most probable ionizing 
agents are cosmic, Lyman n (1215.78) and X-radiations (2-8A). 
The most detailed theoretical analysis of D region formation 
has been performed by NICOLET and AIKIN (1960) using an 
expansion of the following equation of ionization: 

where q is the equivalent electron production rate, ad is 
the loss coefficient for recombination of positive molecular 
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i o n s  w i t h  e l e c t r o n s ,  n. t h e  l o s s  c o e f f i c i e n t  f o r  r ecombina t ion  

of p o s i t i v e  w i t h  n e g a t i v e  i o n s ,  b i s  t h e  r a t i o  of n e g a t i v e  

i o n s  t o  e l e c t r o n s ,  and  ne and n+ a r e  t h e  e l e c t r o n  and  p o s i t i v e  

i o n  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  The cosmic and X - r a d i a t i o n s  

a c t  on molecu la r  n i t r o g e n  and oxygen, t h e  major n e u t r a l  

c o n s t i t u e n t s ,  whereas  Lyman 2. r a d i a t i o n  a c t s  on n i t r i c  o x i d e ,  

a t r ace  c o n s t i t u e n t .  I n  t h e i r  expans ion  of  eq. ( 1 ) :  NICOLET 

and A I K I N  produced a summation of t h e  s e p a r a t e  e f f e c t s  of t h e  

t h r e e  i o n i z i n g  s o u r c e s  and concluded  t h a t :  

i 

cosmic r a d i a t i o n  i s  t h e  most i m p o r t a n t  i o n i z i n g  

a g e n t  a t  a l t i t u d e s  up t o  70 km; 

i n  t h e  70-85 km r e g i o n ,  assuming an  NO' recom- 

b i n a t i o n  c o e f f i c i e n t  of 3 x lo-' c m 3  sec  
a n i t r i c  o x i d e  abundance of o n l y  10 -lo of t h e  

t o t a l  n e u t r a l  c o n c e n t r a t i o n  is r e q u i r e d  t o  make 

X-rays (2-8A) unimpor tan t  t o  t h e  f o r m a t i o n  of t h e  

D r e g i o n  under  q u i e t  s o l a r  c o n d i t i o n s ;  

n e g a t i v e  i o n s  a r e  unimpor tan t  above 70 km; 

t h e  i o n i z a t i o n  a t  a l t i t u d e s  between 85 and 

100 km ( b a s e  of t h e  E r eg ion )  is t h e  r e s u l t  

of  X-rays (30-100A) and u l t r a v i o l e t  r a d i a t i o n  

(Lyman 3 and t h e  Lyman cont inuum).  

-1 , 

I t  i s  known p r i n c i p a l l y  from measurements made on t h e  

Greb s a t e l l i t e  (KREPLIN? CHUBB and FRIEDMAN, 1962) and on  t h e  

O r b i t i n g  S o l a r  Obse rva to ry  (LINDSAY, 1962) t h a t  t h e  Lyman a 
ene rgy  f l u x  ( 3 - 6  e r g  c m  

s o l a r  c o n d i t i o n .  The X-ray energy  f l u x ,  however,  is ex t r eme ly  

v a r i a b l e .  Consequen t ly ,  i t  is p o s s i b l e  t h a t  Lyman a and 

X - r a d i a t i o n s  a l t e r n a t e  a s  t h e  predominant i o n i z i n g  a g e n t s  of 

t h e  normal upper  D r e g i o n .  POPPOFF and WHITTEN (1962) have 

c h a l l e n g e d  t h e  Lyman z h y p o t h e s i s  i n  a t t e m p t i n g  t o  account  

f o r  t h e  70-85 km i o n i z a t i o n  e n t i r e l y  by X - r a d i a t i o n .  However, 

-2 sec- l )  is  r e l a t i v e l y  c o n s t a n t  w i t h  
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t h e y  used energy  f l u x  v a l u e s ,  which a c c o r d i n g  t o  a r e c e n t  r ev iew 

(FRIEDMAN, 1962) ,  exceeds  e n e r g i e s  r e p r e s e n t a t i v e  o f  a q u i e t  

sun  even a t  t h e  maxiinum of t h e  s o l a r  c y c l e .  

I n  t h i s  s e c t i o n  i t  w i l l  be shown t h a t  t o  a c h i e v e  agi-eeinent 

w i t h  s p a c e f l i g h t  n o b s e r v a t i o n s  t aken  d u r i n g  q u i e t  inid- 

s o l a r  c y c l e  c o n d i t i o n s ,  i t  is  necessai-y t o  invoke t h e  Lyinaii a 

h y p o t h e s i s .  A d d i t i o n a l l y  i t  w i l l  be shown t h a t  t o  o b t a i n  

c o n s i s t e n c y  w i t h  ground-based nieasurcinents of  e l e c t r o n  d e n s i t y  

f o r  s imilar  c o n d i t i o n s ,  e x i s t i n g  D r e g i o n  f o r m a t i o n  t h e o r i e s  

inust be c o n s i d e r e d  incoinplcte .  S p e c i f i c a l l y ,  i t  appeai*s  t h a t  

t h e r e  is a tendency i n  inost of t h e  c u r r e n t  inodels t o  undei*- 

e s t i m a t e  the iiLiinbcr of e l e c t r o n s  l o s t  i n  t he  v a r i o u s  p i -ocesses  

of n e g a t i v e  i o n  f o r m a t i o n .  

- 1 -  

I t  h a s  been i n f e r r e d  i n  t h e  p r e v i o u s  d i s c u s s i o n  t h a t  

c a r e  niust  be t aken  i n  coinparing expe r i inen ta l  1 - c s u l t s  w i t h  

t h e o r e t i c a l  inodels f o r  t h e  sanie s o l a i -  c o n d i t i o n .  The exti-cine 

s e n s i t i v i t y  of t h e  X-i*ay energy  f l u x  t o  s o l a i -  a c t i v i t y  is  

denionstrated i n  Figu1.e 1. I t  is seen by a coinpai*ison of 

c u r v e s  A and C (FRIEDMAN. 1962) t h a t  even i n  t h e  absence  of 

f l a r e s  the  i n t e n s i t y  i n  t h e  inipoi-taint wavelength  r e g i o n  

(2-SA) v a r i e s  by two t o  t h r e e  o r d e r s  of  niagnitude d u r i n g  a 

coinplete s o l a r  c y c l c .  The r e c e n t  d a t a  ( c u r v e  B) froin t h e  

A r i e l  s a t e l l i t e  (POUNDS and WILLMORE, 1962) co r re spond  

ternpoi-ally t o  v a l u e s  used  by NICOLET and A I K I N  (1960) i n  

coinputing t he i r  " q u i e t  sun"  model. The A r i e l  d a t a  a l s o  

cor respond inost c l o s e l y  t o  t h e  epoch o f  t h e  s o l a r  c y c l e  under  
w h i c h  t h e  few a v a i l a b l e  D r e g i o n  cha rged  p a r t i c l e  d e n s i t y  
p i - o f i l e s  have been o b t a i n e d .  

In F i g u r e  2 a r e  p r e s e n t e d  two t h e o r e t i c a l  e l e c t r o n  d e n s i t y  

p l -of i les  ( A I K I N ,  1962a) which a r e  i n t e n d e d  b y  t h e i r  c o n t r a s t  

t o  i l l u s t r a t e  t h e  enhanceinent of 11- t h a t  s h o u l d  occur  i n  t h e  
tl 

70-85 kin iBcgioii i f  t h e  N O  c o n c e n t r a t i o n  i s  10 -lo of  t h e  t o t a l  

concen t i sa t ion  a n d  i f  the  n e g a t i v e  ioii abundance is  t h a t  coinputed 
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w i t h  t h e  assumpt ion  t h a t  0; is  t h e  p r i n c i p a l  n e g a t i v e  i o n .  

The a l t e r n a t i v e  t h e o r e t i c a l  p r o f i l e s  w e r e  computed by u s i n g  

X-ray energy  f l u x e s  approximate ly  r e p r e s e n t a t i v e  of c u r v e  B 

i n  F i g u r e  1. The p r i n c i p a l  change from t h e  o r i g i n a l  

NICOLET-AIKIN model i s  t h a t  t h e  v a l u e s  of ad  f o r  O2 and NO" 

were i n c r e a s e d  by a f a c t o r  of t e n .  The O2 c o e f f i c i e n t  i s  

i n c r e a s e d  i n  t h e  l i g h t  of more recent  l a b o r a t o r y  i n v e s t i g a t i o n s  

(KASNER, ROGERS and B I O N D I ,  1961) whereas i n  a s u c c e e d i n g  

s e c t i o n  i t  is shown t h a t  an i n c r e a s e  of ad f o r  NOS^ f rom 
3 

an e f f e c t i v e  r ecombina t ion  c o e f f i c i e n t  de t e rmined  f o r  t h e  

E r e g i o n  from d i u r n a l  v a r i a t i o n  o b s e r v a t i o n s .  

+- 
+ 

-1 . is i i iGi-c  L v i i s i s  i e ~ i  w i t h  3 tQ 3 sc2 

To d a t e ,  a r e l i a b l e  s p a c e f l i g h t  method f o r  measur ing  

t h e  low e l e c t r o n  d e n s i t i e s  c h a r a c t e r i s t i c  of t h e  normal 

D r e g i o n  h a s  n o t  y e t  been developed .  USSR d a t a  from a 

r o c k e t - b o r n e  impedance probe  f o r  a l t i t u d e s  a s  low a s  75 km 

have been p u b l i s h e d  (KRASNUSKIN and KOLESNIKOV, 1962) b u t  

t o o  r e c e n t l y  f o r  c r i t i c a l  r ev iew.  The  l a g  i n  t h e  development 

of r o c k e t - b o r n e  e l e c t r o n  d e n s i t y  expe r imen t s  is due p r i m a r i l y  

t o  t h e  ex t r eme ly  low e l e c t r o n  t o  n e u t r a l  g a s  d e n s i t y  r a t i o  

and t h e  a s s o c i a t e d  h i g h  c o l l i s i o n  f r e q u e n c i e s .  Because of 

t h i s  l a g ,  i t  i s  n e c e s s a r y  t o  r e s o r t  p r i m a r i l y  t o  e l e c t r o n  

d e n s i t y  p r o f i l e s  o b t a i n e d  by ground-based methods.  

I n  a recent  r e v i e w ,  RATCLIFFE and WEEKES (1960) conclude  

t h a t  D r e g i o n  e l e c t r o n  d e n s i t y  p r o f i l e s  o b t a i n e d  by ground-based 

methods s h o u l d  b e  t r e a t e d  w i t h  c a u t i o n .  Accord ing  t o  t h i s  

r e v i e w ,  t h e  most r e l i a b l e  of t h e s e  p r o f i l e s  was o b t a i n e d  by 

GARDNER and  PAWSEY (1953) u s i n g  o b s e r v a t i o n s  of weak b a c k s c a t t e r  

e c h o e s .  The e x p e r i m e n t a l  d a t a  were o b t a i n e d  a t  a t i m e  when 

t h e  v a l u e s  of  t h e  X-ray energy  f l u x  most l i k e l y  were i n t e r m e d i a t e  

between t h o s e  r e p r e s e n t e d  by c u r v e s  A and B i n  F i g u r e  1. The 

e x p e r i m e n t a l  d a t a  a r e  p l o t t e d  i n  F i g u r e  2 for cnmpar icnn ~ i t h  
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t h e  a l t e r n a t i v e  t h e o r e t i c a l  models.  The v a l l e y  of  i o n i z a t i o n  

which shows a minimum a t  abou t  78 km is t y p i c a l  of most of  

t h e  f e w  e l e c t r o n  d e n s i t y  p r o f i l e s  r e p o r t e d  by o t h e r  o b s e r v e r s  

u s i n g  ground-based t e c h n i q u e s .  BELROSE and BURKE (1961) ,  f o r  

example,  r e p o r t  a v a l l e y  w i t h  t h e  minimum l o c a t e d  a t  70 km, 

a l s o  u s i n g  a b a c k s c a t t e r  method. There  is  a l a r g e  d i f f e r e n c e  

between b o t h  t h e o r e t i c a l  i o n i z a t i o n  e s t i m a t e s  and t h e  

e x p e r i m e n t a l  d a t a  a t  a l t i t u d e s  below 70 km. I t  h a s  been 

concluded by o t h e r s  (BELROSE and BURKE , 1961) t h a t  o b s e r -  

v a t i o n a l  d a t a  by t h e  b a c k s c a t t e r  method must be  t r e a t e d  w i t h  

c a u t i o n  i n  t h e  lower D r e g i o n  because  of s i m p l i f y i n g  a s sumpt ions  

i n  t h e  APPLETON-HARTREE formula  used  t o  d e r i v e  t h e  e x p e r i m e n t a l  

r e s u l t .  I f  t h e  e x p e r i m e n t a l  d a t a  below 70 km a r e  assumed 

c o r r e c t ,  t h e  low e l e c t r o n  d e n s i t i e s  c o u l d  b e  e x p l a i n e d  e i t h e r  

by a t h e o r e t i c a l  o v e r e s t i m a t e  o f  t h e  e f f e c t i v e  cosmic r a y  

e l e c t r o n  p r o d u c t i o n  r a t e  o r  an u n d e r e s t i m a t e  of t h e  p r o c e s s e s  

l e a d i n g  t o  t h e  f o r m a t i o n  of n e g a t i v e  i o n s  o r  a combina t ion  of 

t h e  two .  
I t  i s  s e e n  by a comparison of t h e  e x p e r i m e n t a l  d a t a  w i t h  

t h e  two  a l t e r n a t i v e  t h e o r e t i c a l  models  i n  F i g u r e  2 t h a t  a l l  

of t h e  i o n i z a t i o n  i n  t h e  70-85 km r e g i o n  c o u l d  be  e x p l a i n e d  

from t h e  X-ray e f f e c t  a l o n e  a s  proposed  by POPPOFF and WHITTEN 

wi thou t  r e s o r t  t o  t h e  Lyman a h y p c t h e s i s  of NICOLET and  A I K I N .  

However, a c o n c l u s i o n  based  on t h e s e  f e w  e l e c t r o n  d e n s i t y  d a t a  

t h a t  t h e  Lyman a r a d i a t i o n  h a s  a n e g l i g i b l e  e f f e c t  on t h e  

f o r m a t i o n  of t h e  D r e g i o n  would n o t  be  c o n s i s t e n t  w i t h  space -  

f l i g h t  o b s e r v a t i o n s  of  t h e  p o s i t i v e  i o n  c h a r a c t e r i s t i c s ,  a 
d i s c u s s i o n  of which f o l l o w s .  

The  f i r s t  s p a c e f l i g h t  measurements of  D r e g i o n  i o n  

parametel-s (BOURDEAU, WHIPPLE and CLARK ~ 1959) were o b t a i n e d  

by use  of  a r o c k e t  v e r s i o n  of a G e r d i e n  condense r  s i m i l a r  t o  
t h a t  flown e x t e n s i v e l y  on a i r c r a f t  and  b a l l o o n s  by worke r s  

i n  a tmospher ic  e l e c t r i c i t y .  T h i s  expe r imen t  measures  i o n  
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c o n d u c t i v i t y  ( A + ) .  

of f r e e  e l e c t r o n s  is n e g l i g i b l y  s m a l l ,  1, can be  e s t i m a t e d  

t h e o r e t i c a l l y  from 

I n  t h e  a l t i t u d e  r e g i o n  where t h e  number 

where e is t h e  e lementary  c h a r g e ,  k+ is t h e  i o n i c  m o b i l i t y ,  

q+ is t h e  r a t e  of i o n - p a i r  p roduct ion  and aT is THOMSON'S 

ion- ion  volume recombina t ion  c o e f f i c i e n t .  The a l t i t u d e  

dependence of k+ and aT a r e  e s t i m a t e d  from l a b o r a t o r y  

expe r imen t s .  I n  t h e  r e p o r t e d  r e s u l t s ,  t h e  a l t i t u d e  a t  which 

a. can be e x t r a p o l a t e d  w i t h  conf idence  was o v e r e s t i m a t e d .  

However, a t  a l t i t u d e s  up t o  50 km w h e r e  t h e  u s e  of aT i s  

a p p r o p r i a t e ,  t h e  expe r imen ta l  v a l u e s  of 1, a r e  i n  good 

agreement  w i t h  t h e o r e t i c a l  e s t i m a t e s  based  on e q .  (2) i n  

which q+ is  e s t i m a t e d  from s p a c e f l i g h t  o b s e r v a t i o n s  of cosmic 

r a y  i n t e n s i t i e s .  
a r e  c o n s i s t e n t  w i t h  t h o s e  o b t a i n e d  on b a l l o o n s  by o t h e r  

i n v e s t i g a t o r s .  The importance of t h e s e  agreements  is t h a t  

i t  l e n d s  some conf idence  t o  t h e  t h e o r e t i c a l  c o n c l u s i o n  

(BOURDEAU e t  a l ,  1959;  I C H I M I Y A t  TOKAYAMA and AONO, 1959) 

t h a t  p o s s i b l e  e r r o r s  i n  t h e  r o c k e t  expe r imen ta l  d a t a  a s s o c i a t e d  

w i t h  shock waves ( t h e r m a l  i o n i z a t i o n ,  a d i a b a t i c  compression 

e t c . )  a r e  s m a l l ,  even a t  t h e  r e l a t i v e l y  h igh  D r e g i o n  gas  

p r e s s u r e s .  

T 

The expe r imen ta l  r o c k e t  v a l u e s  of A+ a l s o  

P o s i t i v e  i o n  d e n s i t i e s  now have been r e p o r t e d  by SMITH 

(1961a) and AONO, HIRAO and MIYAZAKI (1961) ,  each u s i n g  a 

d i f f e r e n t  method of computing n+ from t h e  observed  c u r r e n t  

t o  an exposed e l e c t r o d e  i n s u l a t e d  from t h e  r o c k e t  body. T h e i r  

p u b l i s h e d  v a l u e s  a r e  compared i n  F igu re  3 w i t h  a t h e o r e t i c a l  

n+ model (AIKIN, 196%). E s t i m a t e s  of n e g a t i v e  i o n  d e n s i t i e s  

based  p r i n c i p a l l y  on a t t achmen t  and photodetachment  p r o c e s s e s  

a r e  r e p r e s e n t e d  by t h e  d i f f e r e n c e  i n  t h e  t h e o r e t i c a l  n+ and ne 
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curves. Both sets of experimental data were obtained at a 
time when the values of the X-ray energy flux were most likely 
slightly larger than those represented by curve B in Figure 1. 

It is seen from Figure 3 that the shape of the ion density 
profile experimentally obtained by SMITH is consistent with 
the shape of the theoretical n+ curve and thus consistent with 
a hypothesis of three different ionization sources between 
50 and 100 km, each predominating in a separate altitude region. 
However, it is seen also that the experimental values of n, 
are generally much higher than the theoretical values. The 
general excess of the experimental positive ion densities 
over the theoretical estimates may be interpreted as an altitude 
invariant error either in the experimental result or  in one 
of the assumed theoretical parameters. It now will be shown 
that experimental uncertainties could account for the difference 
between the theoretical and experimental n curves in Figure 3 .  + 

The results reported by SMITH (1961a) were obtained by 
the use of a standard asymmetric Langmuir probe in which the 
active electrode is the nose tip of the rocket. In the D region 
this Langmuir probe functions as a conductivity meter, the 
principle of operation being analagous to that of the exploratory 
Gerdien condenser experiment (BOURDEAU et al, 1962). Positive 
ion current flowiang from the ionosphere to the nose tip is 
measured as a function of a variable voltage applied between 
this electrode and the main rocket body. 
computed by electrostatic theory from the slope of the volt-ampere 
curve when the active electrode is negative with respect to 
the ambient plasma. SMITH computed positive ion densities 
from the observed X, according to the following simplified 
form of the pertinent electrostatic equation: 

Values of X+ are 

I 



where m 
f r equency .  Labora tory  i n v e s t i g a t i o n s  (LOEB, 1955) i n d i c a t e  

t h a t  t h e  s i m p l i f y i n g  assumpt ions  l e a d i n g  t o  eq .  (3) c o u l d  

r e s u l t  i n  u n c e r t a i n t i e s  of a f a c t o r  of two i n  t h e  n+ 

d e t e r m i n a t i o n .  SMITH used  v a l u e s  for .'+ c o n t a i n e d  i n  t h e  

1959 ARDC model a tmosphere which a r e  probably  u n c e r t a i n  by 

a n o t h e r  f a c t o r  of  two (AIKIN, p r i v a t e  communicat ion) .  

Consequent ly ,  t h e  v a l u e s  of n+ computed by SMITH cou ld  be  

u n c e r t a i n  by a f a c t o r  of f o u r  j u s t  f rom t h e  geophys ica l  

i n t e r p r e t a t i o n  of t h e  zcssrrrzd c u n a u c t i v i t y  a l o n e .  T h i s  

u n c e r t a i n t y  is  g r e a t e r  a t  a l t i t u d e s  above 80 km because  t h e  

methods used  t o  o b t a i n  X+ from t h e  observed  p o s i t i v e  i o n  

c u r r e n t  a r e  no longe r  v a l i d  when t h e  i o n i c  mean f r e e  p a t h  

becomes l a r g e  compared t o  t h e  dimensions of t h e  a c t i v e  

e l e c t r o d e  (BOURDEAU e t  a l ,  1959) .  

is t h e  mean i o n i c  mass and < i s  t h e  i o n  c o l l i s i o n  + 

Other p o s s i b l e  e r r o r s  i n  t h e  measurement of D r e g i o n  
i o n  c h a r a c t e r i s t i c s  a r e  a s s o c i a t e d  wi th  aerodynamic e f f e c t s  

( d i s c u s s e d  p r e v i o u s l y )  and t h e  p h o t o c u r r e n t  e f f ec t .  The 

l a t t e r  e f f e c t  r e p r e s e n t s  t h e  predominant  c r i t i c i s m  of 

i o n o s p h e r i c  d i r e c t  measurements t echn iques .  For t h i s  r e a s o n ,  

i t  is  n e c e s s a r y  t o  p r e s e n t  t h e  f o l l o w i n g  arguments  f o r  a 

n e g l i b l e  p h o t o c u r r e n t  e f f e c t  on t h e  expe r imen ta l  n+ r e s u l t s  

shown i n  F i g u r e  3 .  

Because s o l a r  r a d i a t i o n  can  induce e l e c t r o n  emiss ion  

from r o c k e t  s u r f a c e s ,  an a r t i f i c i a l  e l e c t r o n  c u r r e n t  w i l l  

f low from t h i s  e l e c t r o d e  i n t o  t h e  su r round ing  medium. T h i s  

unwanted p h o t o c u r r e n t  is  of t h e  same p o l a r i t y  a s  t h e  des i red  

p o s i t i v e  i o n  c u r r e n t .  Values  f o r  t h e  p h o t o c u r r e n t  d e n s i t y  

(jp) of  2 . 3  x lo-' amp cm-2 a t  an a l t i t u d e  o f  200 km have been 
measured on a r o c k e t  (HINTEREGGER, DAMON and HALL, 1959) and 

of  5 x l o y 9  amp cm-2 i n  t h e  upper ionosphere  on t h e  Exp lo re r  V I 1 1  

s a t e l l i t e  (BOURDEAU, DONLEY, SBRBU m c !  %!IIIPFLE, i 9 6 i j .  The 
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approximate agreement  of t h e  j v a l u e s  measured a t  such 
P 

r a d i c a l l y  d i f f e r e n t  a l t i t u d e s  shou ld  n o t  be s u r p r i s i n g  because  

t h e  most r e s p o n s i b l e  s o l a r  r a d i a t i o n ,  o c c u r r i n g  a t  wavelengths  

between 2000 and 3000 A (HINTEREGGER e t  a l ,  1959; ICHIMIYA 
e t  a l ,  1959) ,  is n o t  s i g n i f i c a n t l y  absorbed  even i n  t h e  D r e g i o n .  

above can be shown t o  be some two or t h r e e  o r d e r s  of magni tude 

l a r g e r  t han  t h e  ambient random i o n  c u r r e n t  d e n s i t y  f lowing  i n  

a D r e g i o n  u n d i s t u r b e d  by t h e  p re sence  of  a r o c k e t .  However, 
t h e  a c t u a l  e f f e c t  is dependent  on t h e  r a t i o  a /a  

i s  t h e  e f f e c t i v e  i o n  c o l l e c t i o n  a r e a  and a is t h a t  p a r t  of 

t h e  a c t i v e  e l e c t r o d e ' s  s u r f a c e  a r e a  which i s  exposed t o  t h e  

s u n .  T h i s  r a t i o  is ext remely  d i f f i c u l t  t o  o b t a i n  t h e o r e t i c a l l y  

f o r  t h e  D r e g i o n  a l though  o r d e r s  of magnitude a t  l a r g e  n e g a t i v e  

e l e c t r o d e  p o t e n t i a l s  a r e  i n d i c a t e d  (ICHIMIYA e t  a l ,  1959) .  

I t  is p o s s i b l e  by t h i s  mechanism t h e n ,  t o  overcompensate  i n  
magnitude f o r  t h e  p h o t o c u r r e n t  e f f e c t .  Confidence i n  t h i s  

conc lus ion  can  be  had by  examinat ion  of observed  D r e g i o n  

vol t -ampere c u r v e s .  A t  n e g a t i v e  e l e c t r o d e  p o t e n t i a l s ,  t h e  

c u r r e n t  measured a t  t h e  e l e c t r o d e  is observed  t o  be an o r d e r  

of magnitude l a r g e r  t h a n  what would be  expec ted  from t h e  p roduc t  

of j and a . A d d i t i o n a l l y  even i f  t h e  ampl i tude  of t h e  

p h o t o c u r r e n t  was l a r g e ,  1, is o b t a i n e d  from t h e  s l o p e  of t h e  

vol t -ampere cu rve  a t  n e g a t i v e  e l e c t r o d e  p o t e n t i a l s .  T h i s  is 
a regime where t h e  p h o t o c u r r e n t  is i n v a r i a n t  w i t h  e l e c t r o d e  

p o t e n t i a l .  Hence i t  shou ld  n o t  a f f e c t  t h e  measurement of t h e  
s l o p e  and t h u s  t h e  n+ d e t e r m i n a t i o n .  

o b t a i n e d  by measurement of the  p o s i t i v e  i o n  c u r r e n t  t o  an 

e f f e c t i v e l y  s p h e r i c a l  e l e c t r o d e  which was ex tended  a l o n g  

t h e  major r o c k e t  a x i s .  The t e r m  " e f f e c t i v e l y  s p h e r i c a l "  is 
used  because a l though  t h e  e l e c t r o d e  a c t u a l l y  c o n s i s t s  of t w o  
c r o s s e d  r i n g s ,  t h e y  a r e  so  a r r a n g e d  t h a t  t h e  a n a l y s i s  f o r  

The v a l u e s  of t h e  p e r t u r b i n g  p h o t o c u r r e n t  d e n s i t y  l i s t e d  

where a+ + P  
P 

P P 

The n+ d a t a  by AONO e t  a 1  (1961) shown i n  F i g u r e  3 were 
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i o n s  is a s  though t h e  e l e c t r o d e  were a s o l i d  s p h e r e .  The 

v i r t u e  of  t h e  c r o s s e d  r i n g s  is t h a t  t h e y  p r e s e n t  a much s m a l l e r  

t a r g e t  t o  s o l a r  r a d i a t i o n  and consequen t ly  t h e  exper iment  is  
even less  s e n s i t i v e  t o  t h e  p h o t o c u r r e n t  e f f e c t  t h a n  t h e  d e v i c e  

used  by SMITH. 

A form of t h e  c o n v e n t i o n a l  Langmuir p robe  t h e o r y  a p p l i e d  

t o  i o n s  is used  by t h e  J a p a n e s e  i n  computing n from t h e  

e x p e r i m e n t a l  vol t -ampere c u r v e s .  The g e n e r a l  agreement  of  

t h e i r  p u b l i s h e d  n+ v a l u e s  w i t h  an independent  s i m u l t a n e o u s  

measurement of n i n  t h e  E rcgiurl speaks  w e l l  f o r  t h e  v a l i d i t y  

of t h e i r  a p p l i c a t i o n  of t h i s  t h e o r y  a t  l e a s t  f o r  t h e  s i m p l e  

c a s e  of no c o l l i s i o n s  i n  t h e  plasma s h e a t h  s u r r o u n d i n g  t h e  

p robe .  However, t h e i r  p u b l i s h e d  d a t a  show s l i g h t l y  larger  
e l e c t r o n  t h a n  i o n  c o n c e n t r a t i o n s  i n  some p o r t i o n s  of t h e  E 

+ 

e 

r e g i o n  which a r e  i n  t u r n  i n d i c a t i v e  of second-order  e r r o r s  

even  for t h e  s i m p l e  c a s e .  The v a l i d i t y  of Langmuir p robe  t h e o r y  

becomes more u n c e r t a i n  a t  D r e g i o n  a l t i t u d e s  where m u l t i p l e  

c o l l i s i o n s  w i t h i n  t h e  s h e a t h  compl i ca t e  t h e  a p p l i c a t i o n  o f  t h e  

c o n v e n t i o n a l  Langmuir p robe  t h e o r y .  Thus,  f o r  d i f f e r e n t  

r e a s o n s  a s s o c i a t e d  w i t h  t h e  i n t e r p r e t a t i o n  of t h e  obse rved  

vol t -ampere  c u r v e s  t h e  l a r g e s t  u n c e r t a i n t y  i n  b o t h  s e t s  of  

e x p e r i m e n t a l  d a t a  shown i n  F i g u r e  3 can be e x p e c t e d  between 80 

and 90 km. I t  would n o t  be  s u r p r i s i n g ,  t h e r e f o r e ,  i f  t h e  same 
f a c t o r  of 4 i n  t h e  d i f f e r e n c e  between t h e  e x p e r i m e n t a l  d a t a  

i n  t h e  80-85 km r e g i o n  were o b t a i n e d  even under  i d e n t i c a l  

s o l a r  c o n d i t i o n s .  

I t  g e n e r a l l y  is concluded  by t h i s  a u t h o r  t h a t  t h e  

u n c e r t a i n t i e s  i n  t h e  D r e g i o n  e x p e r i m e n t a l  n+ v a l u e s  c o u l d  

b e  l a r g e  enough t o  a d j u s t  t o  t h e  t h e o r e t i c a l  n+ e s t i m a t e s  

of A I K I N  (196%). On t h e  o t h e r  hand,  it i s  u n l i k e l y  t h a t  t h e  

e x p e r i m e n t a l  i n a d e q u a c i e s  a r e  s u f f i c i e n t  t o  a d j u s t  r o c k e t  

o b s e r v a t i o n s  of t o  t h e  e x p e r i m e n t a l  clecti-sii d e n s i t y  v a l u e s  
I 
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shown in Figure 2, thus suggesting a much higher negative ion I 

abundance than estimated theoretically by NICOLET and AIKIN , 
I 

(1960) and by WHITTEN and POPPOFF (1961). The high negative 
ion abundance is more in accordance with the theoretical model 
of MOLER (1960). The suggestion of high negative ion densities 
also is consistent with values computed from the original 
experimental conductivity data by WHIPPLE (1960) who suggests 
that dust particles believed responsible for noctilucent cloud 
formation at high latitudes could provide an important recombination 
surface for charged particles in the D region. The simultaneous 
measurements of electron and positive ion densities made by 
AONO et a1 (1961) show somewhat larger n+ values in the 95 km 
region again suggesting a large negative ion abundance at the 
lower D region altitudes where their formation is even more 
likely. 

The few data that are available support a tentative 
conclusion of ionization of the lower and upper D regions by 
cosmic and Lyman u radiation, respectively, during conditions 
of a quiet sun at the middle of the solar cycle. A firm 
conclusion awaits more accurate measurements of electron and 
ion densities obtained simultaneously with observations of the 
pertinent energy fluxes of the ionizing sources. Just as 
important is the need for improved knowledge of the pertinent 
reaction rates and of the number density of the trace neutral 
constituents. 

~ 

I I 
I 

3 .  The D Region During Disturbed Solar Conditions. 

During periods of high solar activity, the D region is 
characterized by enhanced ionization with associated electro- 
magnetic wave attenuation strong enough to produce radio 
blackouts. There are many phenomena associated with solar 
flares which increase the normal D region electron densities 
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by up t o  two o r d e r s  of magni tude.  A comparison of t h e  amount 
of  enhanced i o n i z a t i o n  f o r  d i f f e r e n t  t y p e s  of s o l a r  f l a r e  e v e n t s  

is made w i t h  t h e  NICOLET-AIKIN q u i e t  s u n  model ( c u r v e  A) i n  
F i g u r e  4 .  

Simul t aneous ly  w i t h  t h e  appearance  of t h e  f l a r e ,  r a d i o  

a b s o r p t i o n  is obse rved  i n  t h e  D r e g i o n  on t h e  s u n l i t  s i d e  of  

t h e  e a r t h  f o r  p e r i o d s  l a s t i n g  up t o  approx ima te ly  one hour .  

T h i s  p a r t i c u l a r  phenomenon is c a l l e d  a Sudden I o n o s p h e r i c  

D i s t u r b a n c e .  CHUBB, FRIEDMAN and KREPLTN (lC3W> z z d e  r s z k c t  

f l i g h t s  i n t o  such  e v e n t s  and observed  abnormal ly  h i g h  X-ray 

f l u x e s  a t  e x t r e m e l y  l o w  D r e g i o n  a l t i t u d e s .  These o b s e r v a t i o n s  

have been used  i n  e q ,  (1) by NICOLET and A I K I N  (1960) t o  

c a l c u l a t e  a n  S.I.D. e l e c t r o n  d e n s i t y  p r o f i l e  ( cu rve  B o f  

F i g u r e  4 ) .  Here, t h e  i n f l u e n c e s  of  cosmic and Lyman a r a d i a t i o n  

become minor ,  t h e  secondary  l a y e r  i n  t h e  70-85 km r e g i o n  

d i s a p p e a r s ,  and t h e  p r o f i l e  i s  c h a r a c t e r i z e d  by o v e r a l l  

enhancement and a mono ton ica l ly  i n c r e a s i n g  e l e c t r o n  d e n s i t y .  

The S.I.D. p r o f i l e  does no t  i n c l u d e  t h e  c o n t r i b u t i o n  of  

r a d i a t i o n  r e s p o n s i b l e  for t h e  f o r m a t i o n  of t h e  E r e g i o n .  

O b s e r v a t i o n s  from t h e  Greb s a t e l l i t e  show t h a t  whenever t h e  

X-ray f l u x  a t  wavelengths  s h o r t e r  t han  8 A  exceeds  a c r i t i c a l  
-2 -1 v a l u e  of 2 x e r g  c m  sec ~ r a d i o  f a d e o u t s  a t  s h o r t  

wavelengths  and o t h e r  sudden i o n o s p h e r i c  d i s t u r b a n c e s  occur  

(FRIEDMAN, 1962) .  I t  i s  s e e n  from curves  D and E i n  F i g u r e  1 

t h a t  t h i s  h i g h  f l u x  v a l u e  g e n e r a l l y  would be  c h a r a c t e r i s t i c  

of f l a r e s  s t r o n g e r  t h a n  c l a s s  2 .  

A s econd  t y p e  of i o n o s p h e r i c  s torm predominates  a t  n i g h t  

and i s  a s s o c i a t e d  w i t h  a c t i v e  a u r o r a e  and magnet ic  d i s t u r b a n c e s .  

I t  g e n e r a l l y  i s  a c c e p t e d  t h a t  t h e  i o n i z i n g  a g e n t s  a r e  e n e r g e t i c  

p a r t i c l e s  c o m p r i s i n g  c o r p u s c u l a r  emiss ion  from t h e  s u n ,  a b e l i e f  

founded on t h e  o b s e r v a t i o n  t h a t  D r e g i o n  a b s o r p t i o n  o c c u r s  some 

21 h o u r s  a f t e r  t h e  appearance  of a f l a r e :  an i n t e r v a l  c o r r e s p o n d i n g  

t o  t h e  s u n - e a r t h  t r a n s i t  t i m e  f o r  t h e s e  p a r t i c l e s .  Dur ing  t h e  
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s t o r m ,  D r e g i o n  e l e c t r o n  d e n s i t i e s  i n c r e a s e  t o  v a l u e s  h i g h  

enough t h a t  echoes a r e  observed  on ionosondes .  "Layers" 

appear  a t  90 km d u r i n g  weak geomagnet ic  a c t i v i t y  and a s  low 

a s  70 km f o r  t h e  more a c t i v e  e v e n t s .  

A t h i r d  t y p e  d d i s t u r b a n c e  o c c u r s  on ly  a t  a u r o r a l  

l a t i t u d e s .  These  phenonema, c a l l e d  P o l a r  Cap Absorp t ion  

(PCA) e v e n t s ,  a r e  produced by e n e r g e t i c  p r o t o n s  e m i t t e d  from 

t h e  sun d u r i n g  c e r t a i n  f l a r e s .  H e r e  echoes  a r e  observed  from 

ionosondes a t  a l t i t u d e s  a s  low a s  60 km. The phenomenon h a s  

been t h e  s u b j e c t  of c o n s i d e r a b l e  s t u d y  d u r i n g  t h e  p a s t  f e w  
y e a r s .  Most r e c e n t l y ,  MAEHLUM and O'BRIEN (1962) have proposed 

a s e m i - q u a n t i t a t i v e  t i m e  h i s t o r y  of t h e  D r e g i o n  e l e c t r o n  

d e n s i t y  p r o f i l e  d u r i n g  a PCA by i n s e r t i n g  p r o t o n  f l u x e s  observed  

on t h e  I n j u n  s a t e l l i t e  a s  a s o u r c e  f u n c t i o n  i n  t h e  c o n v e n t i o n a l  

equa t ion  of i o n i z a t i o n .  One of t h e s e  p r o f i l e s ( c u r v e  D of  

F i g u r e  4 )  c o i n c i d e s  w i t h  t h e  peak of 27.6 Mc cosmic r a d i o  n o i s e  
a b s o r p t i o n  (17 db) observed  a t  C o l l e g e ,  Alaska .  Like t h e  

NICOLET-AIKIN model f o r  an S.I .D. ,  cu rve  D does n o t  c o n t a i n  

t h e  c o n t r i b u t i o n  due t o  s o l a r  r a d i a t i o n .  I n c l u s i o n  of s o l a r  
r a d i a t i o n  shou ld  modify t h e  r e s u l t  i n  t h e  b a s e  of t h e  E r e g i o n  

(above 80 km). JACKSON and KANE (1959) used  a rocke t -bo rne  

r a d i o  p ropaga t ion  experiment  t o  measure a D r e g i o n  e l e c t r o n  

d e n s i t y  p r o f i l e  ( cu rve  C of F i g u r e  4 )  d u r i n g  a l e s s  a c t i v e  

phase of a FCA even t  (3  db a b s o r p t i o n  a t  30 Mc). T h i s  p r o f i l e  

compares f a v o r a b l y  i n  shape  b u t  is g e n e r a l l y  l ess  enhanced t h a n  

t h a t  proposed by MAEHLUM and O 'BRIEN f o r  an i n t e r v a l  when t h e  

observed r a d i o  a b s o r p t i o n  a l s o  was 3 db. I f ,  a s  t h e  e v i d e n c e  

p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  i n d i c a t e s ,  t h e r e  is  a h i g h e r  

D r e g i o n  n e g a t i v e  ion abundance t h a n  is g e n e r a l l y  a c c e p t e d ,  t h e n  

t h e  t h r e e  dashed curves i n  F i g u r e  4 could r e p r e s e n t  o v e r e s t i m a t e s  
of t h e  e l e c t r o n  d e n s i t y .  

The s t r o n g  a b s o r p t i o n  of r a d i o  waves i n  t h e  D r e g i o n  is 
made p o s s i b l e  by t h e  h i g h  e l e c t r o n  c o l l i s i o n  f r e q u e n c i e s  
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characteristic of this altitude interval. KANE, (1959, 1960) 
has derived an electron collision frequency model from 
measurements of the difference in the absorption of ordinary 
and extraordinary radio propagation modes. His data which 
represent the best available rocket measurements of the altitude 
dependence of this important D region parameter are presented 
in Figure 5. They were obtained on two separate rocket flights 
flown during auroral absorption events. 

4 .  The Ion Content of the L c x r  I s i iorsp i l~~e .  

To a high degree of probability, the predominant ionizing 
sources of the E and F regions for quiet solar conditions 
at mid-latitudes are solar ultraviolet and X-ray radiations. 
It is possible to compute the rate at which different ion 
species are formed from a knowledge of the altitude dependence 
of the number of photons incident at each wavelength, of the 
densities of the individual neutral constituents and of the 
absorption and ionization cross sections of these constituents. 
There are available some altitude profiles of the photon fluxes 
as a function of wavelength but only for limited conditions. 
Early results from rocket-borne neutral gas spectrometers 
reported to date are extremely controversial. The validity 
of these results is questioned justifiably because recombination 
effects within the instruments distort the gas under study from 
its ambient condition. Thus most model atmospheres do not 
depend on experimental observations but rather are derived 
from the hydrostatic laws using an assumption for the critical 
altitude of diffusive separation. Our knowledge of the important 
cross sections also must be considered incomplete. 

The most recent estimate of the altitude dependence of 
the rate a t  which various ions are produced was made by 
WATANABE and XiNTEEiEGGER (1962) using solar radiation data 

15 



o b t a i n e d  by  HINTEREGGER under  q u i e t  s o l a r  c o n d i t i o n s  a t  mid- 
l a t i t u d e s .  The r a t e s  f o r  t h e  i o n s  formed i n  g r e a t e s t  abundance 

(N; 9 O i ,  0') a r e  i l l u s t r a t e d  i n  t h e  l e f t - h a n d  s i d e  of F i g u r e  6 .  

WATANABE and HINTEREGGER h a s t e n  t o  p o i n t  o u t  t h a t  t h e s e  c u r v e s  

must b e  cons ide l -cd  s u g g e s t i v e  r a t h e r  t h a n  q u a n t i t a t i v e  

p r i n c i p a l l y  because  of t h e  u n c e r t a i n t y  i n  ou r  knowledge of t h e  

n e u t r a l  a tmosphe r i c  compos i t ion .  Some ad jus tmen t  of t h e s e  

r a t e s  a l r e a d y  a r c  i n d i c a t e d  fi*oni very  recent  n e u t r a l  g a s  
spectroine t e r  r e s u l t s  (SCHAEFFER , p r i v a  t e  communication) . 
These r e s u l t s  w e r e  o b t a i n e d  by u s e  of  a s p e c t r o m e t e r  which 

overcomes t h e  i n a d e q u a c i e s  of t h e  e a r l y  devices by i o n i z i n g  

t h e  g a s  under  s t u d y  b e f o r e  i t s  e n t r y  i n t o  t h e  i n s t r u m e n t ' s  

analyzei .  s e c t i o n .  The r e s u l t s  show a l a r g e r  r a t i o  of a tomic  

t o  molecular  oxygen t h a n  t h a t  u sed  t o  o b t a i n  t h e  i o n  p r o d u c t i o n  

r a t e s  shown i n  F i g u r e  6 .  

I 

Some i n d i c a t i o n  of t h e  s o l a r  r a d i a t i o n  r e s p o n s i b l e  f o r  

t h e  p roduc t ion  of  v a r i o u s  ionosphe i - i c  r e g i o n s  c m  h e  made by 

comparing t h e  i n f e r r e d  p r o d u c t i o n  r a t e s  of  t h e  i n d i v i d u a l  

i o n i c  s p e c i e s  w i t h  rocke t -bo rne  i o n  s p e c t r o m e t e r  r e s u l t s .  

E a r l y  r o c k e t  f l i g h t s  (JOHNSON, MEADOWS and HOLMES, 1958) of 

a rad io- f  requency mass s p e c t r o m e t e r  made i n  t h e  a u r o r a l  zone 

showed t h a t  t h e  d i a t o m i c  i o n s ,  O2 and NO , predominate  below 

200 km and t h a t  0 is t h e  p r i n c i p a l  i o n  found above t h i s  

a l t i t u d e .  These r e s u l t s  have been conf i rmed by ISTOMIN (1960) 

and by TAYLOR and BXINTON (1961) .  The r o c k e t  d a t a  of TAYLOR 

and BRINTON shown i n  t h e  r i g h t  hand s i d e  of F i g u r e  6 a r e  

s e l e c t e d  f o r  compai-ison w i t h  t h e  p r o d u c t i o n  r a t e s  because  t h e y  

were ob ta ined  f o r  l a t i t u d e  and t empora l  c o n d i t i o n s  most c l o s e l y  

r e p r e s e n t i n g  t h o s e  under  which t h e  photon  f l u x e s  used  i n  

e s t i m a t i n g  t h e  p h o t o i o n i z a t i o n  r a t e s  were o b t a i n e d .  I t  is 

seen i n  t h e  comparison t h a t  a l t h o u g h  t h e  d i a t o m i c  n i t r o g e n  

i o n s  a r e  expec ted  t o  be  pl*oduced i n  g r e a t  q u a n t i t i e s ,  t h e  

c c 
f .  
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spectrometer results show that they exist only as extremely 
minor charged constituents. The most likely reason is that 
N 
very rapid rate as demonstrated by FAIRE and CHAMPTON (1959). 

+ 
2 ions dissociatively recombine (Ni + e .N' f N") at a 

It was inferred in the previous section that there is 
general acceptance that X-radiation at wavelengths longer than 
10A and ultraviolet radiation (Lyman B and the Lyman continuum) 
are responsible for the base of the E region (85-100 km). There 
remain two schools of though for the formation of the 
rema icdc r  of t h e  E region: (aj general ionization of air 
by soft X-rays (VEGARD, 1958; HULBURT, 1958; BATES, 1956; 
FRIEDMAN, 1959) and (b) photoionization of O2 by solar 
radiation in the wavelength region between 800 and 1026 A 
(WULF and DEMING, 1938; NICOLET, 1945; WATANABE, MARMO and 
PRESSMAN, 1945). On the basis of more accurate solar radiation 
data, WATANABE and HINTEREGGER (1962) strongly support 
ionization of the 100-120 km region by direct production of 
O2 from ultraviolet radiation at wavelengths between 911-1027A. 
Part of this conclusion is based on the agreement between 
experimentally observed E region electron densities and those 
computed from the conventional ionization equation under 
quasi-equilibrium conditions: 

+ 

where q is the photoionization rate fo r  0; comput.ed from 
the observed ultraviolet photon fluxes. 

However, there are two sets of recent experimental evidence 
which indicate that WATANABE and HINTEREGGER overestimated 
the electron density produced in the 100-120 km region by 
ultraviolet radiation. Firstly, the recent rocket neutral gas 
spectrometer results indicate that the O2 concentration and 
b l l u ~  L I I ~  u production rate have been overestimated. Secondly, +L..- Li - -  n+ 

2 
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+ WATANABE and HINTEREGGER used a value for the O2 recombinance 
coefficient taken from NICOLET and AIKIN (1960) of 3 x 
cm sec which as discussed in the previous section appears 
from m<:re recent laboratory work to be an order of magnitude 
too low. 

3 -1 

A third set of experimental data which also tends to favor 
X-radiation as the more important agent for E region formation 
involves the rocket ion spectrometer data shown in Figure 6. 
The diatomic ion NO+ is observed to be predominant at E region 
altitudes. Its existence can best be explained (AIKIN, 1962b) 

+ by ion-atom interchange involving the 0' ion (O+ + N - ;NO 
The ultraviolet radiation (911-1027A) observed to penetrate 
below 120 km (HINTEREGGER and WATANABE, 1962) lies in a range 
above the ionization threshold for 0 . Consequently to be 
consistent with the rocket ion spectrometer observation that 
NO is; the predominant E region ion, the ultraviolet hypothesis 
requires a reaction leading to NO+ formation involving 0 
a reaction not considered by HINTEREGGER and WATANABE. 
Parenchetically, it is difficult to dispute the correctness 
of the observed ratio NO /O from an experimental point of 
view since the principal corrections which must be made to 
the measured ion spectrometer target currents involve the 
effects of vehicle motion and of electric fields due to the 
attracting vehicle potential. Both of these effects are expected 
to be nearly the same for ions of approximately the same mass. 
Hence, the measurement of their relative abundance should be 
reasonably accurate. As HINTEREGGER and WATANABE (1962) 
demonstrate, the ion spectrometer measurement of the increasing 
importance of Of with altitude leading to its predominance 
above 200 km is explained adequately by the simultaneously 
increasing role of extreme ultraviolet radiation in t h e  wave- 
length regi(3n between 280 and 911A. 

+ N). 2 

+ 

+ 
+ 
2) 

+ +  
2 
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5 .  The Diurnal and Anomalous Behavior of the E Region. 

The altitudes generally assigned to the E region lie between 
approximately 85 and 140 km. The most accurate rocket method 
of daytime electron density determination for this altitude 
region remains the SEDDON two-frequency radio-propagation 
experiment. Results from this experiment early demonstrated 
that the lower ionosphere is not characterized by discrete 
layers but rather that the electron density increases 
iiiuiiuiuiiicaiiy wltn altitude and thus that the F region is a 
continuation of the upper E region. Until recently, there 
have been no detailed observations of nighttime E region 
ionization because neither this rocket-borne experiment nor 
ground-based ionosondes are sensitive enough. Now the intro- 
duction of low energy plasma probes into spaceflight studies 
of the ionosphere permits our first insight into the diurnal 
characteristics of the E region. 

Electron density values reported from one daytime and 
two nighttime rocket launchings of an asymmetric Langmuir probe 
(SMITH, 1961a; SMITH, 1961b) are presented in Figure 7. It 
is seen that the electron density in the lower portion of the 
nighttime E region is found to be 3 x 10 cm-3 at approximately 
22h LMT and 1 x 10 
of magnitude less than typical daytime values. SMITH (1961b) 
has used this observed diurnal variation to compute an effective 
E region recombinance coefficient of 2 x 10 
is perhaps mostly representative of the observed predominant 
ion, NO+. 
considered approximate,firstly because of possible second- 
order errors in computing absolute values of ne from the observed 
volt-ampere curves and secondly because it is assumed that there 
is no nighttime i cn i za t io i i  soiii-ce. i t  is tempting from the 
observation of deep ionization valleys characteristic of the 

3 

cm-3 near sunrise, both about two orders 3 

- 8  -1 cm3 sec , which 

In the view of this author, this value should be 
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uppel- n i g h t t i m e  E r e g i o n  p r o f i l e s  shown i n  F i g u r e  7 t o  s u g g e s t  

t h a t  t h e  l e d g e s  i n  t h e  lower E r e g i o n  r e s u l t  f rom obse rved  

s c a t t e r i n g  (DONAHUE, 1962) of u l t r a v i o l e t  r a d i a t i o n  i n  t h e  

n i g h t  sky .  
The o t h e r  s i g n i f i c a n t  d a t a  c o n t a i n e d  i n  F i g u r e  7 a r e  

a s s o c i a t e d  w i t h  t h e  measurement of  t h e  i o n i z a t i o n  c h a r a c t e r i s t i c s  

of  t h e  spoi-adic-E l a y e r  (E ) , w h i c h  on a n  ionosonde is  c h a r a c t e r i z e d  

by echo r e f l e c t i o n  from a c o n s t a n t  v i r t u a l  h e i g h t .  The 

s t a t i s t i c a l  o c c u r r e n c e  of t h e  Es phenomenon from ionosonde  

d a t a  has been t h e  s u b j e c t  of  c o n s i d e r a b l e  s t u d y ,  y e t  t h e  

c a u s e o f  sporadic-E l a y e r s  remain t o p i c s  f o r  s p e c u l a t i o n .  

E a r l y  r o c k e t  o b s e r v a t i o n s  of dayt ime Es i o n i z a t i o n  were o b t a i n e d  

by SEDDON and JACKSON (1958) .  

S 

Two t y p e s  of Es i o n i z a t i o n ,  d i f f e r i n g  i n  h o r i z o n t a l  

dimensions a r e  c o n t a i n e d  i n  F i g u r e  7.  I t  is s e e n  t h a t  t h e  

e l e c t r o n  d e n s i t y  obse rved  i n  t h e  sporadic-E l a y e r  (102 km) 

on t h e  1 7  August f l i g h t  r e p r e s e n t s  a n  enhancement of a b o u t  

a f a c t o r  of f o u r  above t h e  a v e r a g e  lower E r e g i o n  v a l u e .  The 

t h i c k n e s s  of  t h e  l a y e r  measured a t  h a l f  t h e  peak e l e c t r o n  d e n s i t y  

was 450 m e t e r s .  The l a y e r  was d e t e c t e d  a t  p r e c i s e l y  t h e  same 
a l t i t u d e  on b o t h  t h e  a s c e n t  and d e s c e n t  p o r t i o n s  of  t h e  r o c k e t  

t r a j e c t o r y ,  i n d i c a t i n g  a h o r i z o n t a l  d imens ion  g r e a t e r  t h a n  

72 k in .  S i m i l a r  c h a r a c t e r i s t i c s  were o b s e r v e d  a t  a n  a l t i t u d e  

of 112 km o n  t h e  27 October  f l i g h t .  I t  h a s  been  s u g g e s t e d  
(WHITEHEAD, 1960) t h a t  Es i o n i z a t i o n  w i t h  these  c h a r a c t e r i s t i c s  

r e s u l t s  from r e - d i s t r i b u t i o n  o f  e l e c t r o n s  by wind s h e a r  i n  t h e  
p re sence  of a geomagnet ic  f i e l d ,  r a t h e r  t h a n  l o c a l  changes  i n  
e l e c t r o n  p r o d u c t i o n  o r  l o s s .  

O n  t h e  27 October  f l i g h t ,  a n o t h e r  t y p e  of  Es i o n i z a t i o n  

was observed .  One such  e l e c t r o n  d e n s i t y  peak i s  shown a t  an  

a l t i t u d e  of approx ima te ly  108 km i n  F i g u r e  7 .  A l a r g e r  number 

of such peaks t h a n  i n d i c a t e d  i n  F i g u r e  7 were obse rved  w i t h  no 
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c o r r e l a t i o n  between t h e  a s c e n t  and descen t  p o r t i o n s  of the 

t r a j e c t o r y  . The s m a l l  h o r i z o n t a l  diinensions l e a d  SMITH (1961b) 

t o  s u p p o r t  c u r r e n t  t h e o r i e s  t h a t  soiiie t y p e s  of E i o n i z a t i o n  

r e s u l t  from meteor t i - a i l s .  
S 

I t  can be s a i d  t h a t  there is  i n s u f f i c i e n t  ev idence  t o  

s u p p o r t  c o n c l u s i v e l y  any c u r r e n t  t h e o r i e s  t o  account  f o r  E 

i o n i z a t i o n .  Such ev idence  w i l l  come from planned  c o r r e l a t i v e  

ex  p e r i m e  11 t s p e 1- f o r  me d s i mu 1 t a ne ous 1 y w i t h c 11 a r g e d pa 1' t i c 1 e 
d e n s i t y  measui~emeiits. The r o c k e t  d a t a  a r e  , however , s e r v i n g  
t o  def i !le t h e  G i : ; ; c i l s i G i i s  i i i c i  i o n i z a t i o n  c h a r a c t e r i s t i c s  of 

sporadic-E 1ayei.s .  One of t h e  iiiost d e t a i l e d  a l t i t u d e  d e f i n i t i o n  

of t h e  Es i o n i z a t i o n  1-epor ted  t o  t h i s  a u t h o r  was o b t a i n e d  by 

BOYD ( p r i v a t e  coiiiiiiuiiication) from a daytime i o n  d e n s i t y  p r o f i l e  

on December 6 ,  1961. H i s  o b s e r v a t i o n  of  a d e p t h  of j u s t  under 

one k i lomete i -  and an io i i iza  t i o i i  eiiliniicemeiit of about  a f a c t o r  

of 3 i s  c o n s i s t e n t  w i t h  tlie r e s u l t s  shown i n  F i g u r e  7 .  

S 

In a d d i t i o n  t o  t h e  ~iieasuremeiit of e l e c t r o n  d e n s i t y  t h e  

asymmetric Langmuir probe is des igned  t o  p r o v i d e  d a t a  on t h e  

e 1 e c t r on temper a t ur e , Te.  

which t h e  dayt ime e l e c t r o n  d e n s i t y  p r o f i l e  i l l u s t r a t e d  i n  
F i g u r e  7 was o b t a i n e d ,  SMITH (1961a) r e p o r t e d  e l e c t r o n  

t e m p e r a t u r e  v a l u e s  of 1400°K w i t h  l i t t l e  a l t i t u d e  v a r i a t i o n  

between 100 kin and t l ie apogee a l t i t u d e  of 155 km. The 

d i sag reemen t  of t h e s e  T v a l u e s  w i t h  c u r r e n t  hypo theses  f o r  t h i s  

a l t i t u d e  r e g i o n  and w i t h  t h e  r e s u l t s  of o t h e r  r o c k e t  expe r imen t s  

made under  q u i e t  dayt ime c o n d i t i o n s  j u s t i f i a b l y  h a s  r a i s e d  

some q u e s t i o n s  as t o  t h e  v a l i d i t y  of t h e  e l e c t r o n  d e n s i t y  

r e s u l t s .  The re  a r e  two p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  d i f f e r e n c e s .  

The f i r s t ,  g e o p h y s i c a l  i n  n a t u r e ,  i s  t h a t  t h i s  p a r t i c u l a r  r o c k e t  

f l i g h t  t ook  p l a c e  w i t h i n  twenty-four  hour s  of  a geomagnetic 

d i s t u r b a n c e .  C u r r e n t  t h e o r e t i c a l  concep t s  of expec ted  
d i f f e r e n c e s  between t h e  ~ 1 e c t r ~ ) n  and ::c.;tral gas i empera tu res  

do n o t  i n c l u d e  t h e  extreme v a r i a b i l i t y  of X-ray f l u x e s  which 

For t h e  same r o c k e t  f l i g h t  from 

e 
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p e r h a p s  c o u l d  account  f o r  t h e  h i g h  e l e c t r o n  t e m p e r a t u r e .  O n  

t h e  o t h e r  hand i t  i s  j u s t  a s  l i k e l y ,  from t h i s  a u t h o r ' s  p o i n t  

of view,  t h a t  t h e  h igh  e l e c t r o n  t e m p e r a t u r e s  r e s u l t  from 

s i m p l i f y i n g  assumpt ions  used  i n  d e r i v i n g  T from t h e  obse rved  

vol t -ampere c u r v e s .  S p e c i f i c a l l y ,  ne and Te b o t h  a r e  d e r i v e d  

from t h e  vol t -ampere c u r v e  a f t e r  unwanted p h o t o c u r r e n t  and  
p o s i t i v e  i o n  c u r r e n t s  a r e  s u b t r a c t e d  o u t .  T i s  computed from 

t h e  s l o p e  of t h e  c o r r e c t e d  cu rve  a t  n e g a t i v e  c o l l e c t o r  p o t e n t i a l s  

and is  s e n s i t i v e  t o  t h e  accu racy  of t h e  c o r r e c t i o n .  The 

e l e c t r o n  d e n s i t y ,  on t h e  o t h e r  hand ,  is computed from t h e  c u r r e n t  

observed  a t  a d i s t i n c t  d i s c o n t i n u i t y  i n  t h e  cu rve  where t h e  

c o l l e c t o r  is a t  plasma p o t e n t i a l .  A t  t h i s  p o i n t  t h e  e l e c t r o n  

c u r r e n t  is more t h a n  an  o r d e r  of magni tude h i g h e r  t h a n  t h e  

unwanted c u r r e n t  and hence t h e  d e r i v a t i o n  of ne i s  i n s e n s i t i v e  

t o  t h e  assumed c o r r e c t i o n s .  Thus t h e  e r r o r s  i n  d e r i v i n g  ne 

e 

e 

a r e  s m a l l  enough t o  have l i t t l e  e f f e c t  on t h e  i m p o r t a n t  c o n c l u s i o n s  

from F igure  7 r e l a t i v e  t o  ( a )  t h e  magnitude of t h e  d i u r n a l  

v a r i a t i o n  of  n i n  t h e  lower E r e g i o n ,  (b)  t h e  o b s e r v a t i o n  of 

a deep i o n i z a t i o n  v a l l e y  i n  t h e  upper  E r e g i o n  a t  n i g h t ,  and 

( c )  t h e  major c h a r a c t e r i s t i c s  of spo rad ic -E  i o n i z a t i o n .  

1 e 

6 .  The Format ion  of t h e  F2 Peak I I 

+ I 

I 

The a l t i t u d e s  g e n e r a l l y  a s s i g n e d  t o  t h e  F r e g i o n  l i e  between 

140 km and t h e  a l t i t u d e  a t  which 0 c e a s e s  t o  b e  t h e  predomi- 

n a n t  i o n .  T h i s  r e g i o n  c o n t a i n s  t h e  a l t i t u d e  (F2 peak)  of t h e  

maximum e l e c t r o n  d e n s i t y  found i n  t h e  i o n o s p h e r e .  I t  was n o t  

u n t i l  ve ry  recent  y e a r s  t h a t  s i g n i f i c a n t  e x p e r i m e n t a l  d a t a  I 
on t h e  c h a r a c t e r i s t i c s  of t h e  uppe r  F r e g i o n  were o b t a i n e d .  I 

Local  cha rged  p a r t i c l e  d e n s i t y  measurements now have been 

made on s a t e l l i t e s  u s i n g  i o n  t r a p s  (KRASSOVSKY, 1959;  BOURDEAU, 

1961) and rf impedance p r o b e s  (BOURDEAU and BAUER, 1962;  
ULWICK and PFISTER, 1962;  SAYERS, ROTHWELL and WAGER, 1962) .  

e x p e r i m e n t a l  measurements of  t h e  c h a r g e d  p a r t i c l e  d e n s i t y  

d i s t r i b u t i o n  w i t h  a l t i t u d e  where l a t i t u d i n a l  and t empora l  

v a r i a t i o n s  can be n e g l e c t e d .  Such p r o f i l e s  have been o b t a i n e d  

from ground-based e x p e r i m e n t s  (VAN ZANDT and BOWLES, 19601,  

rocke t -bo rne  r a d i o  p r o p a g a t i o n  e x p e r i m e n t s  (BERNING, 1960;  

More meaningfu l  t o  t h e  p h y s i c s  o f  t h e  F r e g i o n  have been 
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JACKSON and BAUER, 1961; KNECHT and RUSSELL, 1962) and i c n  t r a p s  

(HANSON and McKIBBIN, 1961; HANSON, 19624. These i n v e s t i g a t o r s  
a l l  have concluded from t h e i r  o b s e r v a t i o n s  of an e l e c t r o r L  

d e n s i t y  d i s t r i b u t i o n  w i t h  a p r a c t i c a l l y  c o n s t a n t  l o g a r i t h m i c  

s l o p e  t aken  over  a few hundred k i l o m e t e r s  t h a t  t h e  upper 

ionosphe re  can be r e p r e s e n t e d  a s  an i s o t h e r m a l  medium i n  

d i f f u s i v e  e q u i l i b r i u m .  

The most f a v o r e d  t h e o r y  of t h e  fo rma t ion  of t h e  F2 peak 

a t  m i d - l a t i t u d e s  under q u i e t  s o l a r  c o n d i t i o n s  can be i l l . u s t r a t e d  

by comparing t h e s e  charged  p a r t i c l e  d e n s i t y  p r o f i l e s  w i t h  t h e  

a l t i t u d e  dependence of e l e c t r o n  p roduc t ion  r a t e  i n f e r r e d  by 

WATANABE and HINTEREGGER (1962) .  Such a comparison is made 

i n  F i g u r e  8,  u s i n g  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  o b t a i n e d  by 

JACKSON and BAUER (1961) w i t h  a rocke t -borne  cw r a d i o  p r o p a g a t i o n  

exper iment .  I t  h a s  been r ecogn ized  t h a t ,  a s  i l l u s t r a t e d ,  

t h e  a l t i t u d e  of t h e  F2 peak l i e s  c o n s i d e r a b l y  above t h a t  of 

t h e  maximum e l e c t r o n  p r o d u c t i o n  r a t e .  T h i s  is  b e s t  e x p l a i n e d  

from t h e  f o l l o w i n g  form of t h e  c o n t i n u i t y  e q u a t i o n  co r re spond ing  

t o  q u a s i - e q u i l i b r i u m :  

where B r e p r e s e n t s  an a t tachment  - l i k e  l o s s  c o e f f i c i e n t ,  z 

is  t h e  a l t i t u d e  and W d  s e r v e s  t o  d e f i n e  changes i n  e l e c t r o n  

d e n s i t y  by v e r t i c a l  motion o r  d i f f u s i o n .  I n  t h e  r e g i o n  up t o  

t h e  F2 peak ,  Bn predominates  ove r  t h e  d i f f u s i o n  term and 

because  i t  d e c r e a s e s  more r a p i d l y  wi th  a l t i t u d e  than  t h e  

e l e c t r o n  p r o d u c t i o n  r a t e ,  q ,  ne i n c r e a s e s  w i t h  a l t i t u d e  up t o  

i t s  maximum v a l u e .  Near t h e  F2 peak,  t h e  d i f f u s i o n  t e r m  becomes 

l a r g e r  t h a n  pn and t h e  e l e c t r o n  d e n s i t y  b e g i n s  t o  d e c r e a s e .  

The d i f f u s i o n  mechanism i s  caused by g r a v i t a t i o n a l  f o r c e s  

a c t i n g  upon t h e  i o n s  which, by coulomb a t t r a c t i o n ,  cause  t h e  

e l e c t r o n s  t o  d i f f u s e  downward. A t  a l t i t u d e s  w e l l  above t h e  

F2 peak where q and @ne  i n  eq .  

t h e  e lec t ron  d e n s i t y  d i s t r i b u t i o n  is g iven  by t h e  d i f f u s i v e  

e q u i l i b r i u m  e q u a t i o n :  

e 

e 

(5 )  can be c o n s i d e r e d  n e g l i g i b l e ,  
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where g is the acceleration of gravity, k is the Boltzmann 
constant, and Te and Ti are the electron and ion temperatures. 
This most favored model of the formation of the F2 peak perhaps 
requires some modification near the geomagnetic equator where 
because of the existence of a horizontal magnetic field, 
diffusion cannot readily produce vertical movements. 

Many empirical attempts have been made to solve the 
continuity equation, eq. (5), by making assumptions about the 
nature of the vertical movement, the production term, q, and 
the loss coefficient, 8 ,  and comparing the calculated results 
with experiinental ones. Principally because of the numerous 
variables involved, these models vary considerably - from 
attempts to explain the F2 peak without diffusion (SAGALYN 
and SMIDDY, 1963) to agreement with the most-favored theory 
discussed above. As an example of the latter case, CHANDRA 
(1962) finds that the attachment-loss and diffusion terms 
are of equal importance near the F2 peak by a computation 
involving n and q from Fig. 8 and a loss coefficient behavior 
given by RATCLIFFLE, SCHMERLING, SETTY and THOMAS (1956). 

e 

Other empirical models have been developed to describe 
the electron density distribution of the F region from a 

knowledge of the electron density and an arbitrarily-defined 
scale height both measured at the F2 peak. These models vary 
in complexity from the use of a simple CHAPMAN distribution 
with a constant scale height (WRIGHT, 1960) to a variable scale 
height (YONEZAWA and TAKAHASHI, 1960) and finally a variable 
scale height gradient (CHANDRA, 1962). The latter model, 
applicable tG an isothermal region where 0' dominates, provides 
good empirical agreement with all available mid-latitude profiles 
attempted at height ranges between 100 km below the peak to 
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about  700 km. CHANDRA'S e m p i r i c a l  model is i l l u s t r a t e d  i n  
F i g u r e  9 where t h e  a b c i s s a  (N/No) i s  t h e  r a t i o  of t h e  e l e c t r o n  

d e n s i t y  a t  a g iven  a l t i t u d e  t o  i ts va lue  a t  t h e  F2 peak,  and 

t h e  o r d i n a t e  z '  is  g iven  by 

Z '  (7) 

where (h-hm) is t h e  h e i g h t  measured from t h e  F2 peak and Ho 

is  t h e  s c a l e  h e i g h t  co r re spond ing  t o  a tomic  oxygen. The 

parameter  a is a measure of t h e  d e p a r t u r e  f rom a s imple  CHAPMAN 

d i s t r i b u t i o n  and is  g iven  by 

where Hm is t h e  " s c a l e  h e i g h t "  a t  t h e  F2 peak.  

t h a t  t h e  " s c a l e  h e i g h t  '* v a l u e s  computed from a v a i l a b l e  e l e c t r o n  

d e n s i t y  p r o f i l e s  cor respond c l o s e l y  t o  n e u t r a l  gas  s c a l e  h e i g h t s  

t a k e n  from t h e  1961 COSPAR I n t e r n a t i o n a l  Reference  Atmosphere. 

CHANDRA f i n d s  

7 .  The Helium Ion Layer and t h e  P ro tonosphe re .  

For a g iven  v a l u e  a t  a r e f e r e n c e  a l t i t u d e ,  t h e  upper ionosphe re  

e l e c t r o n  d e n s i t y  which is g iven  by eq. (6) w i l l  be  governed by 

t h e  mean i o n i c  mass and t h e  sum of t h e  e l e c t r o n  and i o n  temper- 

a t u r e s .  C h a r g e d - p a r t i c l e  d e n s i t y  p r o f i l e s  o b t a i n e d  a t  mid- 

l a t i t u d e s  under  q u i e t  s o l a r  c o n d i t i o n s  predominant ly  show t h a t  

Te + Ti is p r a c t i c a l l y  c o n s t a n t  a t  a l t i t u d e s  above 450 km. 

Consequen t ly ,  changes i n  s c a l e  h e i g h t  o f  t h e  e l e c t r o n - i o n  

g a s  i n  t h e  upper  ionosphe re  predominant ly  r e f l e c t  t h e  t r a n s i t i o n  

from one i o n  s p e c i e s  t o  a l i g h t e r  one. I t  w i l l  be shown i n  
t h i s  s e c t i o n  t h a t  e a r l y  concep t s  of  an upper ionosphe re  

c h a r a c t e r i z e d  o n l y  by 0' and H' i o n s  and by a r e a s o n a b l y  
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c o n s t a n t  t r a n s i t i o n  a l t i t u d e  now s h o u l d  be d i s c a r d e d  i n  f a v o r  

of a t h r e e - c o n s t i t u e n t  medium hav ing  an  i n t e r v e n i n g  he l ium 

i o n  l a y e r  w i t h  a t h i c k n e s s  which v a r i e s  c o n s i d e r a b l y  w i t h  t h e  

a tmospher ic  t e m p e r a t u r e .  
Drag o b s e r v a t i o n s  on t h e  Echo s a t e l l i t e  l e d  NICOLET 

(1961) t o  f i r s t  s u g g e s t  t h a t  he l ium s h o u l d  be  c o n s i d e r e d  an 

impor t an t  c o n s t i t u e n t  of  t h e  upper  i o n o s p h e r e .  The f i r s t  

e x p e r i m e n t a l  e v i d e n c e s  f o r  t h e  e x i s t e n c e  of he l ium i o n s  i n  
t h e  upper ionosphe re  were o b t a i n e d  independen t ly  by an i n d i r e c t  

method (HANSON, 1962a)and by d i r e c t  measurement (BOURDEAU? 
DONLEY, WHIPPLE and BAUER, 1962) .  HANSON, working from an 
i o n  d e n s i t y  p r o f i l e  o b t a i n e d  by HALE (1961) concluded  t h a t  

t h e  t h i c k n e s s  of t h e  he l ium i o n  l a y e r  is  o f  t h e  o r d e r  of 

2000 km, e x t e n d i n g  from 1200 t o  abou t  2400 km, and t h a t  t h e  

measured s c a l e  h e i g h t  f o r  he l ium i o n s  c o r r e s p o n d s  t o  an  

a tmosphe r i c  t e m p e r a t u r e  of 1600OK. From t h e  obse rved  he l ium 

i o n  c o n t e n t  ions/cm2 ) and an  assumed r a t e  of  i o n i z a t i o n ,  
HANSON computed an  e q u i l i b r i u m  t i m e  f o r  he l ium i o n s  of  abou t  

t h r e e  days.  H e  t h u s  p o s t u l a t e d  t h a t  t h e r e  s h o u l d  be no l a r g e  

d i u r n a l  v a r i a t i o n s  i n  t h e  he l ium i o n  l a y e r .  T h i s  c o n c l u s i o n  

h a s  no t  been c o r r a b o r a t e d  by o t h e r  e x p e r i m e n t a l  o b s e r v a t i o n s  

and b y  t h e  t h e o r e t i c a l  work of  BAUER (1962,  1963) .  

The Exp lo re r  V I 1 1  r e s u l t s  (BOURDEAU e t  a l ,  1962) r e l a t i v e  

t o  d i r e c t  d e t e c t i o n  of he l ium i o n s  a r e  summarized i n  F i g u r e  10 .  

T h i s  r e t a r d i n g  p o t e n t i a l  exper iment  d i f f e r s  o n l y  i n  geometry 

from t h e  d e v i c e  used  by USSR i n v e s t i g a t o r s  (KRASSCVXY, 1959) 

on SPUTNIK 1 I I .The  s e n s o r  c o n s i s t s  of  t h r e e  e l e c t r o d e s  a r r a n g e d  

i n  p l a n a r  c o n c e n t r i c  geometry.  The i n n e r  g r i d  is b i a s e d  

n e g a t i v e l y  so  t h a t  t h e  c o l l e c t o r  is r e s p o n s i v e  o n l y  t o  t h e  

f l o w  Of p o s i t i v e  i o n s  from t h e  i o n o s p h e r e .  Because t h e  s a t e l l i t e  
v e l o c i t y  l a r g e l y  exceeds  t h e  t h e r m a l  v e l o c i t y  of t h e  i o n s ,  

t h e  l a t t e r  have a k i n e t i c  e n e r g y  r e l a t i v e  t o  t h e  s p a c e c r a f t  
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in proportion to their mass. In accordance with an expression 
given by WHIPPLE(1959) the resulting volt-ampere curve, 
illustrated in Figure 10, will be characterized by an inflection 
point for a mixture of 0' and He+ and by a plateau for a 
mixture of 0' and H+. 
is the total retarding potential given by the sum of the satellite 
and applied collection ($ ) potentials while the ordinate is 
the ratio of the ion current at a given retarding potential 
to its value at zero potential. Planar ion traps have a good 
history f o r  positive ion d e ~ s i t y  2ster1nination but generally 
yield too high an ion temperature (HANSON and McKIBBIN, 1961; 
BOURDEAU et al, 1961), possibly because of the simplifying 
assumption in WHIPPLE'S expression that all ion trajectories 
are normal to the trap (HINTEREGGER, private communication). 
However, because of the relative insensitivity of the shape 
of the volt-ampere curve to ion temperature,the ability to 
determine ion composition is not altered significantly. For 
daytime conditions, the Explorer VI11 observations during the 
active life of the satellite (November - December, 1960) were 
that Of predominated below 1100 km and that He+ was the 
principal ion from 1100 km to the maximum altitude (1600 km) 
of the measurements. Unfavorable vehicle orientation prevented 
valid measurements f o r  nighttime conditions and at altitudes 
above 1600 km. 

The abcissa of the volt-ampere curve 

C 

Subsequent to the reporting of the first experimental 
evidence for the importance of upper atmosphere helium ions, 
BAUER (1962) theoretically showed that the thickness of the 
layer would change with atmospheric temperature even for the 
simple case when the relative concentrations are invariant 
at a reference altitude. Assuming that the ionic species are 
distributed according to diffusive equilibrium (DUNGEY, 1955; 
MANGE, 1960), the geopotential altitude (11' 1 at which  two ij' 
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ionic species have equal concentrations has been given by 
BAUER (1962) as 

where h; is the geopotential altitude at which the concentrations 
of these ions are in the ratio nij, and where 

- 

T being the atmospheric temperature and go the acceleration 
of gravity at the earth's surface. 

BAUER (1963) has proposed a more detailed theoretical 
model for the thickness of the helium ion layer as a function 
of atmospheric temperature by considering the case where the 
relative concentrations of the three principal constituents 
vary at the reference altitude. He points out that the 
relative concentrations at a given altitude should vary with 
temperature in the same proportion as the ratio of the 
corresponding neutral constituents. Using the temperature 
dependent escape ratios given for hydrogen (BATES and PATTERSON, 
1961) and for both hydrogen and helium (NICOLET and KOCKARTS, 
1962) and eqs. (9) and ( l o ) ,  he computed two transition 
altitudes as a function of atmospheric temperature, a lower 
transition altitudes where Of and He' ions have equal 
concentrations and an upper transition altitude where He 
and Hf are of the same density. 
be in reasonably good agreement with experimental observations 
in Figure 11. The circles in Figure 11 refer to observed 
altitudes at which n(H ) = n(O ) while the squares represent 
measured altitudes at which n(H ) = n(H ) ,  The corresponding e 
temperatures were obtained on the same spacecraft and represent 
either direct measurements of T or Ti or values of (Te + Ti)/2 e 

+ 
These curves are shown to 

+ + 
+ + e 
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computed from t h e  obse rved  e l e c t r o n - i o n  s c a l e  h e i g h t .  The 

a b s c i s s a ,  t h e n ,  c o r r e s p o n d s  t o  t h e  n e u t r a l  gas  temperatui-e  o n l y  

i f  i t  is assumed t h a t  t h e  e l e c t r o n ,  i o n  and n e u t r a l  gas  temper- 

a t u r e s  a l l  a r e  i n  e q u i l i b r i u m  a t  t h e  a l t i t u d e s  i n d i c a t e d .  

Exper imenta l  p o i n t s  1 and 2 a r e  t a k e n  from BOURDEAU e t  a 1  

(1962) and HANSON (19E2a), r e s p e c t i v e l y .  Expe r imen ta l  p o i n t s  4 

r e p r e s e n t  t h e  f i rs t  p r e l i m i n a r y  r e s u l t s  f rom t h e  A r i e l  s a t e l l i t e  

(WILLMORE, BOYD and BOWEN, 1962) .  T h e  A r i e l  i n v e s t i g a t o r s  

found t h a t  under  dayt ime c o n d i t i o n s  he l ium i o n s  predominated 

st  altitzdes h i w e e n  Y5lJ km and t h e  s a t e l l i t e  apogee a l t i t u d e  

(1200 km). For a n i g h t t i m e  c o n d i t i o n ,  i t  was found t h a t  t h e  

b a s e  of t h e  he l ium i o n  l a y e r  w a s  below 650 km and t h a t  hydrogen 

i o n s  dominated a t  1200 km. 

The A r i e l  exper iment  i s  based on t h e  same p r i n c i p l e  a s  

t h a t  o f  t h e  Spu tn ik  I11  and Exp lo re r  V I 1 1  r e t a r d i n g  p o t e n t i a l  
expe r imen t s  and y e t ,  i n  t h e  o p i n i o n  of t h i s  a u t h o r ,  r e p r e s e n t s  

a major advance i n  t h e  development of i o n  s p e c t r o m e t e r s  f o r  

upper  i o n o s p h e r i c  s t u d i e s .  Because of t h e  s p h e r i c a l  geometry 

u s e d ,  i t  shou ld  n o t  be a s  s e n s i t i v e  t o  t h e  d i r e c t i o n  of t h e  

i o n  t i - a j  e c t o r y  and t h u s  p r o v i d e s  v a l i d  measurements of  i o n  

t e m p e r a t u r e  i n  c o n t r a s t  t o  t h e  p l ana r  i o n  t r a p s .  A d d i t i o n a l l y ,  

t h e  A r i e l  i n v e s t i g a t o r s  s e t  up t h e  experiment  so  t h a t  t h e  second 

d e r i v a t i v e  of  t h e  vol t -ampere cu rve  is t e l e m e t e r e d  d i r e c t l y .  

T h i s  r e d u c e s  t h e  e f f e c t s  of s lowly-vary ing  v e h i c l e  p o t e n t i a l s  

and o t h e r  i o n  s h e a t h  p a r a m e t e r s .  These two b a s i c  d i f f e r e n c e s  

make f o r  a h i g h e r  i o n  composi t ion  r e s o l u t i o n  t h a n  is p o s s i b l e  

w i t h  t h e  S p u t n i k  I11 and Exp lo re r  V I 1 1  i o n  t r a p s .  

The A r i e l  s a t e l l i t e  o b s e r v a t i o n s  a r e  ex t r eme ly  impor t an t  

i n  e x p l a i n i n g  t h e  f a i l u r e  (ULWICK and PFISTER, 1962) t o  d e t e c t  

He 
p r o f i l e s .  A s  Bauei- c o r r e c t l y  p o i n t s  o u t ,  t h e  t h i c k n e s s  of t h e  

he l ium i o n  ls.iyei- i s  smallei-  kiiaKl a helium i o n  h e i g h t  a t  

c .  i o n s  f rom s c a l e - h e i g h t  changes i n  n i g h t t i m e  e l e c t r o n  d e n s i t y  
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low t empera tu res  c h a r a c t e r i s t i c  of a n i g h t t i m e  p r o f i l e .  A s  a 

r e s u l t ,  t h e  d e t e c t i o n  by i n d i r e c t  methods r e q u i r e s  an  ex t r eme ly  

a c c u r a t e  c h a r g e d - p a r t i c l e  d e n s i t y  p r o f i l e .  The d e t e c t i o n  of 

t h i s  l a y e r  is  expec ted  t o  become even more d i f f i c u l t  a s  w e  
approach t h e  y e a r  of minimum s o l a r  a c t i v i t y .  

Exper imenta l  p o i n t s  3 and 5 i n  F i g u r e  11 were o b t a i n e d  

by t h e  i n d i r e c t  method from e l e c t r o n  and i o n  d e n s i t y  p r o f i l e s  

o b t a i n e d  on Scout  r o c k e t s .  These d a t a  a r e  p r e s e n t e d  i n  t h e  

succeed ing  s e c t i o n  t o  i l l u s t r a t e  t h e  d i u r n a l  v a r i a t i o n  of 

e l e c t r o n  d e n s i t y  i n  t h e  extreme upper  i o n o s p h e r e .  

8. The D i u r n a l  V a r i a t i o n  of E l e c t r o n  Dens i ty  i n  t h e  Upper 
Ionosphe re  

The d i u r n a l  v a r i a t i o n  of e l e c t r o n  d e n s i t y  i n  t h e  upper  i o n o s p h e r e  
is a compl ica ted  f u n c t i o n  of t h e  e l e c t r o n  d e n s i t y  a t  and a l t i t u d e  

of  t h e  F2 peak ,  t h e  a tmosphe r i c  t e m p e r a t u r e ,  and t h e  e x t r e m e l y  

v a r i a b l e  h e i g h t s  of t h e  two i o n  t r a n s i t i o n  a l t i t u d e s .  T h i s  

v a r i a b i l i t y  can be  i l l u s t r a t e d  by comparison of two cha rged  

p a r t i c l e  d e n s i t y  p r o f i l e s  t a k e n  n e a r  t h e  d i u r n a l  maximum and 

minimum d u r i n g  t h i s  p o r t i o n  of t h e  s o l a r  c y c l e .  Tha t  r e p r e -  

s e n t a t i v e  of d i u r n a l  maximum c o n d i t i o n s  is i l l u s t r a t e d  i n  F i g u r e  12 .  

The c i r c l e d  p o i n t s  a r e  e l e c t r o n  d e n s i t y  v a l u e s  o b t a i n e d  by 

BAUER and JACKSON (1962) from FARADAY r o t a t i o n  o b s e r v a t i o n s  a t  

72 Mc. The l e f t - h a n d  o r d i n a t e  i s  g e o p o t e n t i a l  a l t i t u d e  which t a k e s  

i n t o  account  t h e  a l t i t u d e  dependence of t h e  a c c e l e r a t i o n  of 

g r a v i t y  w h i l e  t h e  r i g h t - h a n d  o r d i n a t e  i s  t h e  t r u e  or g e o m e t r i c  

a l t i t u d e .  HANSON (1962a) and BAUER (1962) have developed  e x p r e s s i o n s  

based  on an  expans ion  of  e q .  (6 )  f o r  t h e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  i n  a m u l t i - c o n s t i t u e n t  i s o t h e r m a l  medium i n  

diffusive equilibrium. These e x p r e s s i o n s  suppose  a g iven  r a t i o  

of t h e  c o n c e n t r a t i o n s  o f  t h e  p e r t i n e n t  i o n s  a t  a r e f e r e n c e  

a l t i t u d e .  I n  F i g u r e  1 2 ,  two s u c h  t h e o r e t i c a l  c u r v e s  (BAUER, 1962) 

30 



are shown to illustrate the dependence of the electron density 
distribution on the ionic constituents. It can be seen that 
the circled points are more consistent with a theoretical 
curve for a mixture of 0' and Hef (solid line) than a mixture 
of 0' and H' (dashed curve). 

The charged particle density profile obtained near diurnal 
minimum conditions is illustrated in Figure 13. Both ion 
density (DONLEY, private communication) and electron density 
(JACKSON and BAUER, private communication) were measured. 
in the latter case, data were obtained only to a geopotential 
altitude of 700 km. The good agreement of the experimental 
n values with the electron density obtained by rocket measurement 
and with the value of ne measured by an ionosonde at the F2 
peak speaks well for the validity of the data. 

It can be shown from the theoretical curve provided by 

+ 

BAUER (curve A in Figure 5) that the experimental ion density 
provile corresponds most closely to a three-constituent mixture 
rather than 0' and H+. 
points to the theoretical curve in the ion transition altitude 
leads to an estimate of less than 300 km for the thickness of 
the helium ion layer. The discontinuity in the experimental 
n values at geopotential altitudes between 900 and 1100 km 
probably can be explained from the observation that the space- 
craft went from a dark to a sunlit condition in this region. 
The discontinuity probably represents a transient departure 
from temperature equilibrium. 

The closest fit of the experimental 

+ 

Curve B in Figure 13 is the electron density profile 
replotted from Figure 12 to illustrate an observed diurnal 
variation of charged particle density in the upper ionosphere. 
The observation that the nighttime electron densities actually 
exceed those for daytime conditions at geometric altitudes 
grsateil than i000 km should not be surprising since the lower 
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i o n  t r a n s i t i o n  a l t i t u d e  and t h e  l a r g e  s c a l e  h e i g h t  f o r  p r o t o n s  

overcompensate f o r  t h e  h i g h e r  dayt ime a tmosphe r i c  t e m p e r a t u r e  

and t h e  h i g h e r  dayt ime e l e c t r o n  d e n s i t y  a t  t h e  F2 peak .  

SAYERS, ROTHWELL and WAGER (1962) c l a i m  t o  have d i s c o v e r e d  

a new i o n i z a t i o n  l e d g e  w i t h  peak d e n s i t i e s  l o c a t e d  a t  geomet r i c  

a l t i t u d e s  v a r y i n g  from 1200 km a t  midn igh t  down t o  600 km a t  

midday. The a p p a r e n t  n e g a t i v e  s c a l e  h e i g h t s  g r a d i e n t s  which 

were r e p o r t e d  c a r r y  an  i m p l i c a t i o n  o f  an  i o n i z a t i o n  s o u r c e  i n  
t h i s  a l t i t u d e  r e g i o n .  D i s c o n t i n u i t i e s  i n  cha rged  p a r t i c l e  
d e n s i t y  p r o f i l e s  pe rhaps  can be  e x p e c t e d  a t  s u n r i s e  and a t  t h e  

e q u a t o r i a l  anomaly, y e t  t h e  d i s c o v e r y  of  t h i s  l e d g e  is c l a imed  

throughout  t h e  day and f o r  a l l  l a t i t u d e s  t r a v e r s e d  by t h e  

A r i e l  s a t e l l i t e .  SAYERS e t  a 1  c o n s t r u c t e d  t h e i r  p r o f i l e s  f rom 

r f  probe measurements of e l e c t r o n  d e n s i t y  a t  t h e  s a t e l l i t e  

p o s i t i o n .  The n a t u r e  of  t h e  A r i e l  o r b i t  d u r i n g  t h e  t i m e  t h e  

d a t a  were o b t a i n e d  was such  t h a t  t h e  a l t i t u d e  p r o f i l e s  a r e  n o t  

t i m e  independent  b u t  r a t h e r  r e p r e s e n t  o b s e r v a t i o n s  t a k e n  o v e r  

a change of s e v e r a l  hour s  i n  l o c a l  mean t i m e .  An a l t e r n a t i v e  

e x p l a n a t i o n ,  t h e n ,  is t h a t  t h e s e  l e d g e s  a r e  o n l y  a p p a r e n t  i n  

t h a t  t hey  do n o t  r e p r e s e n t  a l t i t u d e  d i s c o n t i n u i t i e s  b u t  r a t h e r  

changes i n  i o n i z a t i o n  brought  abou t  by t h e  d i f f e r e n c e  i n  l o c a l  

t i m e  a t  v a r i o u s  p o i n t s  i n  t h e  A.riel  o r b i t .  T h i s  a l t e r n a t i v e  

e x p l a n a t i o n  is  i l l u s t r a t e d  q u a l i t a t i v e l y  i n  F i g u r e  14 .  The 

expe r imen ta l  c u r v e s  i n  Figui-e 13 a l r e a d y  i l l u s t r a t e  t h e  d i u r n a l  

v a r i a t i o n  of t h e  e l e c t r o n  d e n s i t y  i n  t h e  upper  i o n o s p h e r e .  

The four  c u r v e s  shown i n  F i g u r e  14 a r e  i n f e r r e d  p r o f i l e s  f o r  

t h e  hours  i n d i c a t e d .  They were c o n s t r u c t e d  from a t y ? i c a l  

v a r i a t i o n  of t h e  e l e c t r o n  d e n s i t y  a t  t h e  F2 peak a s  o b s e r v e d  

f o r  May ( t h e  month of t h e  A r i e l  o b s e r v a t i o n s )  by i o n o s o n d e s ,  

an  a tmospher ic  t e m p e r a t u r e  v a r i a t i o n  t a k e n  f rom r e f e r e n c e  

a tmospheres ,  and the i o n  t r a n s i t i o n  model of  BAUER i l l u s t r a t e d  

i n  F igu re  11. I t  can  be  shown f o r  a s a t e l l i t e  which r e q u i r e s  

s e v e r a l  hours  of l o c a l  t ime t o  t r a v e r s e  t h e  400-1200 km 
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altitude region, that an apparent ionization ledge would be 
observed when the satellite passes through the higher altitude 
region at night and conversely when it passes through the 
lower altitude region during midday. Parenthetically, an 
interesting feature to note from Figure 14 is the approximate 
constancy with diurnal time of the electron density at a 
geopotential altitude of about 800 km (approximately 1000 km 
geometric). 

9. The Altikiide Dependcrcz of Cilargeci Particle Temperature. 

It is of considerable importance to compare electron (T,), 
ion (T.) and neutral gas (T ) temperatures as a function of 
altitude because their interdependence perhaps is the most 
sensitive index of complex reactions, the understanding of 
which is the ultimate goal of upper atmosphere physicists. 
For the time being, it will be assumed that Ti and T 
equal, an assumption which will be subsequently validated. 

1 g 

are 
g 

Because direct and indirect measurements of charged 
particle temperatures have been made under radically different 
conditions and because of the limitations of the kinetic gas 
temperature models, various investigators have provided 
conflicting answers to the impcrtant question of temperature 
equilibrium between electrons and heavy constituents under 
daytime conditions. It generally is accepted that temperature 
equilibrium predominates at all altitudes during the night 
under quiet solar conditions. In this section it will be shown 
from more recent theoretical work and spaceflight experimentation 
that there is increased substantiation for the conclusions of 
previous reviews (BAUER and BOURDEAU, 1962; BOURDEAU and 
BAUER, 1962) that the difference between Te and T becomes 
vanishingly small in the E region and above 450 km at mid- 
latitudes, during midday and under quiet solar conditions. 

g 
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It will be shown, on the other hand, that there is a substantial 
difference between spaceflight results and those from some ground- 
based radar incoherent backscatter experiments. 

Before proceeding, it is important to define the term 
"temperature equilibrium". Actually because in the ionization 
process the electrons are created with high initial energies, 
their temperature will always be somewhat higher and only can 
approach T asymptotically in time depending on the efficiency 
of the energy transfer mechanism. Temperature equilibrium 

g 
in this paper is defined as a difference between Te and T 
which is smaller than the uncertainties in reference atmospheres 
and in spaceflight experimental methods of measuring charged 
particle temperatures. It is estimated, perhaps optimistically, 
that these uncertainties together are about ten percent of the 
absolute value of T . 

g 

g 
Our knowledge of the behavior of the neutral gas temperature 

is based principally on atmospheric densities computed from 
satellite drag observations and an assumed atmospheric composition. 
Values of T so derived must be considered approximate principally 
because of the observational gap in atmospheric composition. 
Plotted as a solid line in Figure 15 is the altitude dependence 
of the neutral gas temperature published by the U . S .  Committee 
on Extension to the Standard Atmosphere (SISSENWINE, 1962). 
The COESA reference atmosphere was selected because it depicts 
"typical mid-latitude year-round conditions averaged for 
daylight hours and for the range of solar activity that occurs 
between sunspot minimum and sunspot maximum", conditions which 
most closely approximate those under which the charged particle 
temperature measurements have been made. 

g 

The earliest theoretical study of the temperature difference 
between Te and T was advanced by HANSON and JOHNSON (1961). 
Because of improved cross-sectional and solar radiation data 

g 
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and because  of t h e  omiss ion  of an impor tan t  p r o c e s s  ( e l e c t r o n  

impact e x c i t a t i o n  of v i b r a t i o n a l  l e v e l s  of  molecular  n i t r o g e n ) ,  

t h i s  work now must be c o n s i d e r e d  superseded  by more r e c e n t  

t h e o r e t i c a l  models (HANSON, 1962b; DALGARNO, McELROY and MOFFETT, 

1962) .  These models, which cons ide r  i o n i z a t i o n  by s o l a r  r a d i a t i o n  

o n l y ,  i n v o l v e  s e v e r a l  expans ions  (depending upon t h e  energy  

t r a n s f e r  mechanisms) of t h e  equa t ion :  

2q'E 
( T ~ - T ~ ) / T  = - 

3; ic 
e 

where q' is  t h e  r a t e  a t  which p h o t o e l e c t r o n s  of energy E a r e  

r e l e a s e d  and T is t h e  t i m e  which i t  t a k e s  f o r  t h e s e  e l e c t r o n s  

t o  t r a n s f e r  t h e i r  e x c e s s  energy i n  v a r i o u s  p r o c e s s e s .  

C o n s i d e r a t i o n s  a r e  g iven  t o  l o s s  of t h i s  e x c e s s  energy by 

( a )  i n e l a s t i c  i o n i z i n g  c o l l i s i o n s  wi th  n e u t r a l  p a r t i c l e s ,  

(b )  i n e l a s t i c  e x c i t i n g  c o l l i s i o n s  wi th  n e u t r a l  p a r t i c l e s  where 

t h e  energy  i s  s t o r e d  e i t h e r  i n  m e t a s t a b l e  o r  v i b r a t i o n a l  

s t a t e s ,  ( c )  energy t r a n s f e r  t o  ambient i o n s  and (d)  e l a s t i c  

c o l l i s i o n s  w i t h  ambient e l e c t r o n s .  I n  a l l  b u t  t h e  l a t t e r  c a s e ,  

much of t h e  e x c e s s  energy of  t h e  newly-created p h o t o e l e c t r o n s  

is removed b e f o r e  they  s e l e c t i v e l y  h e a t  t h e  ambient e l ec t ron  
g a s .  

HANSON (1962b) computed f o u r  models f o r  t h e  c a s e  where 

t h e  dayt ime t empera tu re  i n  t h e  i s o t h e r m a l  r e g i o n  

These f o u r  models a r e  based on two d i f f e r e n t  a l t i t u d e - d e p e n d e n t  

v a l u e s  f o r  t h e  e l e c t r o n  p roduc t ion  r a t e  and two d i f f e r e n t  

a s sumpt ions  for  t h e  e x c e s s  p h o t o e l e c t r o n  ene rgy .  The two 
ex t r emes  of t h e s e  f o u r  c u r v e s  a r e  p l o t t e d  i n  F i g u r e  15. I t  
is s e e n  t h a t  t h e  maximum p r e d i c t e d  d e p a r t u r e  f rom t empera tu re  

e q u i l i b r i u m  proposed by  HANSON corresponds  c l o s e l y  t o  t h e  

a l t i t u d e  of maximum e l e c t r o n  p roduc t ion  i l l u s t r a t e d  i n  F i g u r e  8. 
Possible s m a l l  ei-rfirs have been in t roduced  i n  F i g u r e  1 5  by 

is 1200OK. 
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assuming t h a t  t h e  v a l u e  of T -T a c t u a l l y  computed by HANSON 
e g  

a r e  i n v a r i a n t  when T- i n  t h e  i s o t h e r m a l  r e g i o n  is  r a i s e d  from 
s 0 

1200 K a s  u sed  i n  h i s  r e f e r e n c e  atmosphere and t h e  1500°K v a l u e  

used  h e r e .  
A t  p r e s e n t ,  an  e x p e r i m e n t a l  d e t e r m i n a t i o n  of t h e  comple te  

a l t i t u d e  dependence of Te-T 
by comparing Langmuir probe  measurements of e l e c t r o n  t e m p e r a t u r e  

o b t a i n e d  on v e r t i c a l  sounding  r o c k e t s  w i t h  a r e f e r e n c e  a tmosphere .  
Langmuir p robes  have r e q u i r e d  c o n s i d e r a b l e  development i n  o r d e r  

t o  overcome problems a s s o c i a t e d  w i t h  t h e  d i s t u r b a n c e  i n t r o d u c e d  

i n t o  t h e  medium by a conduc t ing  body. Extremely h i g h  e l e c t r o n  

t e m p e r a t u r e s  were r e p o r t e d  from o b s e r v a t i o n s  of  l a r g e  p o t e n t i a l s  

on t h e  S p u t n i k  I11 s p a c e c r a f t  (KRASSOVSKY, 1959) .  However, 

i t  is  dangerous t o  i n f e r  e l e c t r o n  t e m p e r a t u r e s  by t h i s  i n d i r e c t  

method because  of t h e  p r o b a b i l i t y  of  a v e h i c l e  p o t e n t i a l  which 

i s  a r t i f i c i a l l y  c o n t r o l l e d  by d i f f e r i n g  s u r f a c e  work f u n c t i o n s ,  

f o r  example,  t han  by ambient i o n o s p h e r i c  p a r a m e t e r s .  

can  be accompl ished  o n l y  e m p i r i c a l l y  
g 

I t  w a s n ' t  u n t i l  1961 t h a t  e l e c t r o n  t e m p e r a t u r e s  c l o s e  

t o  a c c e p t e d  k i n e t i c  gas  v a l u e s  were f i r s t  r e p o r t e d  f o r  t h e  E 

r e g i o n  by J a p a n e s e  i n v e s t i g a t o r s  (AONO e t  a l ,  1961) and  f o r  

t h e  upper ionosphe re  by u s e  of t h e  E x p l o r e r  V I 1 1  S a t e l l i t e  

(SERBU: BOURDEAU and DONLEY, 1 9 6 1 ) .  However, t h e s e  d a t a  by 

themselves  do n o t  p r o v i d e  a comple te  a l t i t u d e  p r o f i l e  of Te. 

T h e  J apanese  d a t a ,  which r e p r e s e n t  an  a v e r a g e  from two s e p a r a t e  

d e v i c e s  f lown s i m u l t a n e o u s l y ,  were o b t a i n e d  ove r  t h e  a l t i t u d e  

i n t e r v a l  between 100 and 170 km and a r e  p l o t t e d  i n  F i g u r e  15. 
A s e p a r a t e  r o c k e t  (NASA 6 . 0 4 )  c o n t a i n i n g  an  e j e c t a b l e  symmetr ic  

b i p o l a r  probe was launched  a t  a p p r o x i m a t e l y  t h e  same l a t i t u d e  

and time. T h e s e  r e s u l t s  (BRACE, 1962) a r e  p l o t t e d  a s  t h e  d o t t e d  

curve i n  F i g u r e  15 .  P a r e n t h e t i c a l l y ,  t h e y  r e p r e s e n t  a 
s i g n i f i c a n t  m o d i f i c a t i o n  by BRACE of  t h e  d a t a  which was f i r s t  
reported i n  a p r e l i m i n a r y  form (SPENCER, BRACE and C A R I G N A N ,  1962) .  
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The e r r o r  s p r e a d  of  the o v c r a l l  curvc  h a s  bccii c s t i m a t c d  by 

BRACE t o  be -t- 10 p e r c e n t .  Also  p l o t t c d  i n  F i g u r e  15 is t h c  

a tmospher i c temper a t  u r  e c ompu t c d on t hc a ssump t i o n  o f  t cinpcr a t u r  c 
e q u i l i b r i u m  by JACKSON aiid BAUER (1961) from thc i r  c x p c r i m c n t a l  

e l e c t r o n  d e n s i t y  p ro f  i l c .  T h i s  va luc  ,., a p p l i c a b l c  t o  t h c  rcg io i i  

above 450 kin,., was s e l c c t c d  because  it was tnkcii undcr i d e n t i c a l  

s o l a r  c o n d i t i o n s  (i i idcxed by observed  s o l a r  dccinietcr  f l u x  

o b s e r v a t i o n s )  a s  t h e  two e l c c t r o i i  t cmpcra tu rc  prof  i l c s .  

Cons ide r ing  thc u n c c r t a i n t y  i n  t h c  r c f  crci icc  a tmospherc aiid 

tile expe r imcn ta l  c r ro r  f l a g , . ,  i t  can bc coiicludcd f o r  t h c s c  

p a r  t i c u 1 a 1’ so 1 a r c o ii d i t i o  lis t h a t t cmp cr a t ur c c qu i 1 i b r  i um ex i s t s 

below 150 kin aiid abovc 450 kin. Also t h c r e  i s  r e a s o n a b l e  

agrecmciit between t h e  e x p e r i m c n t a l  r e s u l t s  aiid t h e  t h c o r e t i c a l  

work of HANSON. 

- 

DALGARNO e t  a 1  (1962) have proposed f o u r  t h c o r e t i c a l  

e l c c t r o i i  t empci -a turc  models f o r  a g iven  noontime v a l u c  of T . 
The elid r e s u l t  i n  t h c  form of t h e  a l t i t u d e  dcpcndcnce of  

g 

0 T -T f o r  T -: 2000 K is p r e s e n t e d  i n  F i g u r e  1 6 .  The a l t e r n a t i v e  
e g  f; 

c u r v e s  a r e  based  on somc r e d u c t i o n  of e x c e s s  p h o t o e l e c t r o n  

energy  by (a) i o n i z i n g  c o l l i s i o n s  a lone  ,., (b)  i n c l u d i n g  p o s s i b l e  

energy  t r a n s f e r  t h rough  e x c i t i n g  c o l l i s i o i i s  l e a d i n g  t o  t h e  

m e t a s t a b l e  s t a t c  ,., ( c )  c x c l u d i n g  (b)  bu t  i n c l u d i n g  p o s s i b l e  

energy  t r a n s f e r  t h rough  e x c i t i n g  c o l l i s i o i i s  l e a d i n g  t o  t h e  

v i b r a t i o n a l  s t a t e  and (d)  a combinat ion of a l l  energy  t r a n s f e r  

mechanisms. Also  p l o t t e d  i n  F i g u r e  16 a r e  expe r imen ta l  v a l u e s  

f o r  T -T t a k e n  from F i g u r e  15. I t  is t empt ing  from t h e  

agreement  o f  t h e  cxpei*imental  d a t a  wi th  c u r v e s  a and b i n  
F i g u r e  1 6  t o  s u g g e s t  t h a t  excess p h o t o e l e c t r o n  energy i n  t h e  

lower a l t i t u d e  r e g i o n s  is  renioved p r i n c i p a l l y  by a combina t ion  

Gf i o n i z i n g  c o l l i s i o n s  aiid e x c i t i n g  c o l l i s i o n s  l e a d i n g  t o  t h e  

m e t a s t a b l e  s t a t e .  

e g  

EANSC!N (1DG2b)  has acivaiiced a t h e o r e t i c a l  p o s s i b i l i t y  
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b a s e d  on l o w  t he rma l  c o n t a c t  between t h e  i o n s  and n e u t r a l  

p a r t i c l e s  t h a t  t h e  i o n  t e m p e r a t u r e  a t  ve ry  h i g h  a l t i t u d e s  c o u l d  

d e p a r t  from t h e  n e u t r a l  g a s  t e m p e r a t u r e  and approach  t h e  

e l e c t r o n  t e m p e r a t u r e .  H e  e s t i m a t e s  t h a t  such  a t r a n s i t i o n  

c o u l d  p o s s i b l y  occur  i n  t h e  600-1000 km r e g i o n .  I t  is 

ex t r eme ly  d i f f i c u l t  t o  c o r r o b o r a t e  t h i s  p o s s i b i l i t y  from 

e x p e r i m e n t a l  o b s e r v a t i o n s  because  t h e  d i f f e r e n c e s  between 

Ti and T a r e  s m a l l  a t  t h e s e  a l t i t u d e s .  The d a y t i n e  

e l e c t r o n  d e n s i t y  p r o f i l e  i l l u s t r a t e d  i n  F i g u r e  12 shows t h a t  

t h e  sum of t h e  e l e c t r o n  and i o n  t e m p e r a t u r e s  t a k e n  i n  b o t h  

t h e  He+ and 0' r e g i o n s  a r e  approx ima te ly  t h e  same. 

of t h i s  sum w i t h  a l t i t u d e  a l s o  can be i n f e r r e d  i n  p u b l i s h e d  

d a t a  (KING, 1963) from t h e  A l o u e t t e  Tops ide  Sounder S a t e l l i t e .  

T h i s  is  ev idence  e i t h e r  t h a t  t h e  d i f f e r e n c e s  i n  t h e  e l e c t r o n ,  

i o n  and n e u t r a l  gas  t e m p e r a t u r e s  a r e  v a n i s h i n g l y  s m a l l  above 

450 k m  o r  t h a t  t h e  i o n  t e m p e r a t u r e  t r a n s i t i o n  proposed  by 

HANSON o c c u r s  above 1000 km, i f  a t  a l l .  

Te 9 g 

The cons t ancy  

The agreement of Langmuir p robe  r e s u l t s  w i t h  t h e  

t h e o r e t i c a l  work of  HANSON and DALGARNO e t  a 1  l e a d s  t o  a 

c o n c l u s i o n  t h a t ,  a t  midday, t e m p e r a t u r e  e q u i l i b r i u m  e x i s t s  

below 150 km and above 450 km whenever i o n i z a t i o n  is t h e  

r e s u l t  of s o l a r  r a d i a t i o n  a l o n e .  I t  is  t h e  u n i v e r s a l i t y  of 

s o l a r  r a d i a t i o n  a s  t h e  o n l y  i o n i z i n g  s o u r c e  o r  a l t e r n a t i v e l y  

t h e  d e f i n i t i o n  of a q u i e t  i o n o s p h e r e  which r ema ins  t o  be t e s t e d .  

SPENCER, BRACE and CARIGNAN (1962) have made r o c k e t  f l i g h t s  

a t  a u r o r a l  l a t i t u d e s  and i n t o  a d i s t u r b e d  m i d - l a t i t u d e  i o n o s p h e r e  

For t h e s e  c o n d i t i o n s  t h e y  r e p o r t  E and  F2 r e g i o n  e l e c t r o n  

t e m p e r a t u r e s  which a r e  s y s t e m a t i c a l l y  h i g h e r  t h a n  t h e  q u i e t  

m i d - l a t i t u d e  r e s u l t s .  The d i f f e r e n c e  is p e r h a p s  r e p r e s e n t a t i v e  

of t h e  influence of c o r p u s c u l a r  r a d i a t i o n .  The re  is a l s o  a 

s m a l l  p o s s i b i l i t y  t h a t  t h e  e l e c t r o n  t e m p e r a t u r e s  r e p o r t e d  f o r  

d i s t u r b e d  - n d i t i o n s  by SPENCER e t  a 1  a r e  n o t  r e p r e s e n t a t i v e  
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of the most abundant electrons. Their symmetric Langmuir probe 
samples only those electrons which can overcome a retarding 
potential of a few tenths of a volt. Since a Maxwellian electron 
energy distribution has been established for quiet solar 
conditions, the data reported by BRACE and plotted in Figure 15 
and 16 should be representative of the entire electron 
population. However, the existence of a Maxwellian energy 
distribution under disturbed ionospheric conditions has not 
been verified. 

Tile syaceiiignt observations in a quiet daytime ionosphere 
are consistent with the conclusions (BOWLES, OCHS and GREEN, 

1962) from ground-based radar incoherent backscatter experiments 
that the electron and ion temperatures are in equilibrium in 
the upper ionosphere except at sunrise and during disturbed 
conditions. EVANS (1962), on the other hand, also using back- 
scatter experiments reports different results. The principal 
differences for which no explanation can be given here are: 
(a) EVANS reports temperature equilibrium at 200 km, an altitude 
at which both theory and the spaceflight observations show 
a significant departure from equilibrium; (b) the ratio Te/Ti 
is 1.6 and constant above 300 km as reported by EVANS whereas 
both theory and the spaceflight observations show this ratio 
decreasing with altitude above 250 km; (c) EVANS reports that 
the sum of Te and Ti increases with altitude up to 700 km 
whereas it is concluded from many rocket measurements of 
charged particle density profiles that this sum is constant 
with altitude in the upper ionosphere. The results obtained 
by EVANS also are inconsistent with the diurnal variation of 
charged particle temperatures at altitudes above 450 km, which 
is discussed in the succeeding section. 
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10. Diurnal Variation of Upper Ionosphere Temperatures. 

In this section, a comparison will be made of the diurnal 
variations of charged particle and neutral gas temperatures 
for the isothermal altitude region above 450 km. At these 
altitudes our knowledge of T generally is derived from satellite 

g 
drag observations and an assumed atmospheric composition. 
The drag observations show that density variations are correlated 
with solar activity. Although not the source of upper atmosphere 
heating, solar decimeter radiation which is observable at the 
earth's surface is an indicator of this interrelationship. 
For a given level of solar activity JACCHIA (1962), HARRIS 
and PRIESTER (1962) and PAETZOLD (1962) conclude: 

(1) the neutral gas temperature has its maximum value 
in mid-afternoon; 

(2) this maximum would occur at sunset if absorption of 
solar ultraviolet radiation was the only source 
of atmosphere heating; 

( 3 )  consequently, there is a second source of heating 
associated with the solar wind; 

(4)  these conclusions apply to the atmosphere at low 
latitudes. 

In the preceding section it was shown for a specific set of 
observations taken at mid-latitudes that the electron and 
neutral gas temperatures have approximately the same value 
above 450 km, which is consistent with theoretical computations 
based on solar ultraviolet radiation as the sole ionizing source. 
If the low latitude ionization generally can be explained 
entirely by solar ultraviolet radiation and if, as claimed, 

1 the diurnal variation characteristic of the neutral atmosphere 
requires a second heat source, then the additional heating 
mechanism should be one which is least likely to selectively 
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heat either the light or  heavy atmospheric constituents. The 
heating byhydromagnetic waves proposed by DESSLER (1959) 
probably meets these criteria. It is not possible from the 
charged particle temperature data presented in this section 
to infer a diurnal neutral gas temperature variation precisely 
enough to confirm or deny the hypothesis of a second heat 
source which is effective at mid-latitudes. 

There is some variance in reference atmospheres in the 
absolute magnitude of the temperature at diurnal maximum and 

. .  
Ei i i i i i iu i l l .  The model attributed to PRIESTER by JASTROW (1961) 
which is plotted in Figure 17 has an average daytime value 
consistent with the COESA standard atmosphere. It corresponds 
to a level of solar activity for which the observed solar decimeter 
(10.7 cin) radiation flux is 150 w/m /cps. Other models (HARRIS 
and PRIESTER, 1962; JACCHIA, 1962) generally show somewhat lower 
temperatures at diurnal maximum. Also plotted in Figure 17 
are experimental values all taken at mid-latitudes of (a) 
the neutral gas temperature measured directly by BLAMONT 
(1961, 1962) using rockets containing sodium vapor release 
experiments, (b) direct measurements of electron temperature 
from the Explorer VI11 Langmuir probe (SERBU et al, 1961) and 
(c) values of T computed from rocket measurements of electron 
scale height on the assumption of temperature equilibrium, for 
which T = (Te+Ti)/2. These data were obtained at various 
times and consequently have been normalized by this author 
to the same solar activity (10.7 cm flux = 150 w/m /cps) using 
the empirical relation given by HARRIS and PRIESTER (1962). 
The temperatures derived from electron o r  ion profiles are 
taken (1) from DONLEX (private communication), (21, (8) and 
(9) from BERNING (private communication), (3) from BAUER and 
JACKSON (1962), (4) from JACKSON and BAUER (i961), (5) from 

and (7) from HANSON and McKIBBIN (1961). 

2 

g 

g 

2 

HANSON (1962), (6) 2nd (10) from KNECH" and RUSSELL (1962) 
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I t  is tempt ing  from t h e  g e n e r a l  agreement of t h e  n e u t r a l  
gas  t empera tu res  w i t h  t h e  Exp lo re r  V I 1 1  e l e c t r o n  t empera tu res  

and w i t h  t h e  v a l u e s  of (Te+Ti)/2 d e r i v e d  from charged  p a r t i c l e  

d e n s i t y  p r o f i l e s ,  a l l  i l l u s t r a t e d  i n  F i g u r e  17 ,  t o  i n f e r  s u p p o r t  

f o r  t h e  conc lus ion  reached  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t empera tu re  

e q u i l i b r i u m  e x i s t s  above 450 km f o r  most of  t h e  day under q u i e t  

i o n o s p h e r i c  c o n d i t i o n s  a t  m i d - l a t i t u d e s .  However, t h e  e m p i r i c a l  

method of comparison used  i n  F i g u r e  17 can on ly  be an approximate 

t e s t s  of e q u i l i b r i u m  because ,  excep t  f o r  BLAMONT'S d a t a ,  t h e  

n e u t r a l  gas  t empera tu re  is  an i n f e r r e d  parameter  and because  
t h e  p r e c i s e n e s s  of no rma l i z ing  d a t a  t aken  a t  d i f f e r e n t  t i m e s  
t o  t h e  same l e v e l  of s o l a r  a c t i v i t y  has  not  been e s t a b l i s h e d .  

The Exp lo re r  V I 1 1  e l e c t r o n  t empera tu re  dev ice  is a g r idded  

t r a p  which e x p e r i m e n t a l l y  e l i m i n a t e s  unwanted p h o t o c u r r e n t  

e f f e c t s .  The e r r o r  f l a g s  shown i n  F i g u r e  17  r e s u l t  from a 

l i m i t e d  vol t -ampere cu rve  r e s o l u t i o n  imposed by t h e  t e l e m e t r y  
s y s t e m .  There p o s s i b l y  i s  an a d d i t i o n a l  s m a l l  e r r o r  a s s o c i a t e d  

w i t h  t h e  e l e c t r i c a l  t r a n s p a r e n c y  c h a r a c t e r i s t i c s  o f  t h e  g r i d s  

used  t o  remove t h e  p h o t o c u r r e n t  e f f e c t  (SERBU e t  a l ,  1962) .  

The absence of an on-board t a p e  r e c o r d e r  p reven ted  d e t a i l e d  

a n a l y s e s  of t h e  d i u r n a l  e l e c t r o n  t empera tu re  v a r i a t i o n  and 

t h e  d e t e c t i o n  of l a t i t u d e  e f f e c t s .  

A d i f f e r e n t  t y p e  of Langmuir probe now h a s  been f lown on 

t h e  A r i e l  s a t e l l i t e .  B a s i c a l l y  an asymmetr ic  probe w i t h  t h e  

s e n s o r  l o c a t e d  on a boom away from t h e  main s p a c e c r a f t ,  t h e  

experiment  t e n d s  t o  s u p p r e s s  such  unwanted e f f e c t s  a s  v a r y i n g  

v e h i c l e  p o t e n t i a l s  and p h o t o c u r r e n t  and magnet ic  f i e l d  modulat ion 
of t h e  e l e c t r o n  c u r r e n t  by measur ing  t h e  e l e c t r o n  t empera tu re  
i n  an ex t remely  s h o r t  t i m e  i n t e r v a l .  The a v a i l a b i l i t y  of 

an on-board t a p e  r e c o r d e r  h a s  p e r m i t t e d  t h e  i n v e s t i g a t o r s  t o  

r e p o r t  t h e  most d e t a i l e d  d i u r n a l  e l e c t r o n  t e m p e r a t u r e  
v a r i a t i o n  y e t  o b t a i n e d  and a d d i t i o n a l y  t o  s e p a r a t e  

t h e  da t a  acco rd ing  t o  l a t i t u d e .  T h e i r  p r e l i m i n a r y  r e s u l t s  
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as reported (WILLMORE, BOYD and BOWEN, 1962) are shown in 
Figure 18. The three curves, each representing a different 
latitude region were obtained at a time when the 10.7 cm solar 

2 radiation flux averaged 100 w/m /cps. The PRIESTER model of 
the diurnal variation of the neutral gas temperature in 
Figure 17 has been normalized to this lower level of solar 
activity and replotted in Figure 18 for comparison. 

The Ariel data were analyzed on the assumptions that 
the temperature above 450 km is isothermal and that there is a 
s y m m e t r i c a l  d i s t i - i bu t iu i i  about tne equator. WILLMORE et a1 
point out that the salient features are a general rise in 
temperature and a less pronounced diurnal variation at high 
latitudes and that both of these observations are consistent 
with significant atmospheric heating by particles being dumped 
at high latitudes. 

Another salient feature of the Ariel data is the high 
electron temperature observed in the sunrise period. This is 
not inconsistent with the experimental results in Figure 17 
because of the observational gap in the latter data auring this 
period. The sunrise effect in the Ariel data is evidence for a 
departure from temperature equilibrium. The diurnal shapes 
of the curves suggest that temperature equilibrium is 
re-established toward midday. The observation of a departure 
from temperature equilibrium at sunrise is consistent with the 
conclusions from one set of ground-based backscatter results 
(BOWLES, 1962) but not with EVANS (1962) who reports maximum 
departure from equilibrium at noon. A higher ratio Te/Ti at 
sunrise than at noon is more consistent with what would be 
expected from a cursory extension to the theoretical observation 

2 
e *  (HANSON, 1962) that Te/Ti is directly proportional to q/n 

The electron production rate, q, is in turn proportional to 
atmospheric density. I+, czfi  bc shown fi-oiii a comparison of the 
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a tmospher i c  d e n s i t y  v a r i a t i o n  d e r i v e d  from s a t e l l i t e  d r a g  w i t h  

t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  i l l u s t r a t e d  i n  F i g u r e  14 t h a t  

t h e  r a t i o  q/ne2 and t h u s  t h a t  Te/Ti s h o u l d  be  h i g h e r  a t  dawn 

t h a n  a t  noon. 
I t  would be premature  t o  draw f i r m  c o n c l u s i o n s  r e g a r d i n g  

a d d i t i o n a l  i o n i z i n g  and h e a t i n g  s o u r c e s  from t h e  d i u r n a l  

comparisons of upper ionosphe re  e l e c t r o n  and n e u t r a l  g a s  

t e m p e r a t u r e s  shown i n  F i g u r e s  17 and 18. T h e  e x p e r i m e n t a l  

charged  p a r t i c l e  o b s e r v a t i o n s  i n  F i g u r e  1 7 ,  f o r  example,  were 
o b t a i n e d  ove r  a p e r i o d  of more than  one y e a r .  The accu racy  

of t h e  p r o c e s s  of no rma l i z ing  t h e s e  d a t a  t o  t h e  same l e v e l  of 

s o l a r  a c t i v i t y  q u i t e  l i k e l y  i n t r o d u c e s  enough e r r o r  t h a t  t h e  

d i u r n a l  shape  of t h e  i n d i r e c t l y - d e r i v e d  n e u t r a l  gas  t e m p e r a t u r e  

canno t  be  conf i rmed.  Consequen t ly ,  t h e  h y p o t h e s i s  of  a second 

h e a t  s o u r c e  a t  low l a t i t u d e s  a l s o  canno t  be conf i rmed.  

The  midday v a l u e s  of T proposed  by PRIESTER and which is 
6 

a p p l i c a b l e  t o  low l a t i t u d e s  f a l l  i n  between t h e  two lower 

l a t i t u d e  e l e c t r o n  t e m p e r a t u r e  cui*ves measured on t h e  A r i e l  

s a t e l l i t e .  N o  c o n c l u s i o n  can be  drawn from t h e  d i f f e r e n t  

d i u r n a l  s h a p e s  of Te and T i n  F i g u r e  18, p r i n c i p a l l y  b e c a u s e  
g 

two r e f i n e m e n t s  i n  t h e  a n a l y s i s  of t h e  Ar i e l  d a t a  a re  r e q u i r e d .  

F i r s t l y ,  t h e r e  is no ev idence  t h a t  t h e  A r i e l  r e s u l t s  have  been 
normal ized  f o r  t h e  day-to-day f l u c t u a t i o n s  i n  s o l a r  a c t i v i t y  

which can amount t o  a t e n  p e r c e n t  c o r r e c t i o n .  T h i s  n o r m a l i z a t i o n  

c o u l d  a l t e r  b o t h  t h e  d i u r n a l  shape  of t h e  i n d i v i d u a l  e l e c t r o n  

t empera tu re  c u r v e s  and t h e  a m p l i t u d e  of  t h e  l a t i t u d e  e f f e c t .  

Secondly ,  i t  would be  e x p e c t e d  a g a i n  from a c u r s o r y  t h e o r e t i c a l  

a n a l y s i s  t h a t  t h e  e l e c t r o n  t e m p e r a t u r e  i n  t h e  upper  i o n o s p h e r e  

d u r i n g  t h e  s u n r i s e  p e r i o d  would b e  a l t i t u d e  dependent .  S i n c e  

t h e  P r e s e n t  a n a l y s i s  of t h e  A r i e l  d a t a  assumes no a l t i t u d e  e f f e c t ,  
t h i s  a l s o  c o u l d  a l t e r  t h e  d i u r n a l  s h a p e  of t h e  i n d i v i d u a l  

e l e c t r o n  t e m p e r a t u r e  c u r v e s .  With re ference  t o  t h e  d i u r n a l  



v a r i a t i o n  of T t h e  A r i e l  d a t a  s u g g e s t  a l a t i t u d e  e f f e c t  

which up u n t i l  now h a s  no t  been s e r i o u s l y  c o n s i d e r e d  i n  n e u t r a l  

gas  models.  T h i s  l a t i t u d e  e f f e c t  i n  t u r n  s u g g e s t s  t h a t  o t h e r  

h e a t  and i o n i z a t i o n  s o u r c e s  i n  a d d i t i o n  t o  d i r e c t  s o l a r  r a d i a t i o n  

need t o  be c o n s i d e r e d  i n  a d e s c r i p t i o n  of even t h e  normal a u r o r a l  

i onosphe re .  

g’  

11. Summary. 

S p a c e f l i g h t  o b s e r v a t i o n s  made i n  r e c e n t  y e a r s  a r e  most c o n s i s t e n t  

W I L I ~  ihe  f o l l o w i n g  g e n e r a l  c o n c l u s i o n s ,  most of which s t i l l  a r e  

a t  v a r i a n c e  w i t h  some t h e o r e t i c a l  models and w i t h  o t h e r  i o n o s p h e r i c  

o b s e r v a t i o n s  : 

- - . 2  A 9 

1. The p r i n c i p a l  i o n i z i n g  a g e n t s  f o r  t h e  D r e g i o n  under  

q u i e t  s o l a r  c o n d i t i o n s  a t  a n  epoch c o r r e s p o n d i n g  

t o  t h e  middle  of t h e  s o l a r  c y c l e  a r e  cosmic r a d i a t i o n  

f o r  t h e  r e g i o n  below 70 km and Lyman & r a d i a t i o n  

a t  a l t i t u d e s  between 70 and 85 km. The n e g a t i v e  

i o n  abundance a t  a l l  D r e g i o n  a l t i t u d e s  h a s  been 

u n d e r e s t i m a t e d  t h e o r e t i c a l l y .  

2 .  X - r a d i a t i o n  (2-8A) and e n e r g e t i c  p r o t o n s ,  which a r e  

r e s p e c t i v e l y  r e s p o n s i b l e  f o r  Sudden I o n o s p h e r i c  

D i s t u r b a n c e s  and P o l a r  Cap Absorp t ion  Even t s ,  l e a d  t o  

a D r e g i o n  e l e c t r o n  d e n s i t y  enhancement o f  abou t  two 

o r d e r s  of  magni tude.  

+ and 0’. a r e  N2 
abundance a r e  NO , 02+ and Of. 
c h a r a c t e r i s t i c s  r e s u l t  from t h e  combined i n f l u e n c e  

of s o l a r  u l t r a v i o l e t  and X - r a d i a t i o n  i n  t h e  E r e g i o n  

w i t h  u l t r a v i o l e t  r a d i a t i o n  becoming t h e  dominant s o u r c e  

i n  t h e  F r e g i o n .  

3. The p r i n c i p a l  i o n s  produced i n  t h e  lower i o n o s p h e r e  
The i o n s  which e x i s t  i n  g r e a t e s t  + 

+ ’ O 2  
These i o n i z a t i o n  

Wl. - - -- - -i .- 4 .  IAlt: a ~ t . ~ d g e  E r e g i o n  e l e c t r o n  d e n s i t y  d e c r e a s e s  by 

a b o u t  two o r d e r s  of magnitude a t  n i g h t .  Some t y p e s  

of spo rad ic -E  i o n i z a t i o n  have a d e p t h  of l ess  t h a n  
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one k i l o m e t e r  and a h o r i z o n t a l  dimension g r e a t e r  

than  70 km. Other  t y p e s  have a s m a l l e r  h o r i z o n t a l  

dimensions.  There  is a f i r s t  o r d e r  i n c r e a s e  of t h e  

e l e c t r o n  d e n s i t y  i n  a s p o r a d i c  E- l aye r .  

The fo rma t ion  of t h e  F2 peak is b e s t  e x p l a i n e d  by 

t h e  combined a l t i t u d e  dependence of t h e  e l e c t r o n  

p roduc t ion  r a t e ,  e l e c t r o n  l o s s  by an a t t achmen t  

l i k e  p r o c e s s  and d i f f u s i o n .  

The c o n s t a n t  e l e c t r o n - i o n  s c a l e  h e i g h t  which is  observed  

f o r  a l t i t u d e  i n t e r v a l s  of a few hundred k i l o m e t e r s  
above t h e  F2 peak i s  ev idence  t h a t  t h e  upper  ionosphe re  

is  i s o t h e r m a l  and i n  d i f f u s i v e  e q u i l i b r i u m .  

The upper ionosphere  is c h a r a c t e r i z e d  by t h e  p re sence  

i- H') each  of t h r e e  i o n i c  c o n s t i t u e n t s  (0 , He , 
predominat ing i n  a d i f f e r e n t  a l t i t u d e  r e g i o n .  The 

t h i c k n e s s  of t h e  he l ium i o n  l a y e r  h a s  a l a r g e  d i u r n a l  

v a r i a b i l i t y .  The c o n t r o l  which t h e s e  i o n i c  c o n s t i t u e n t s  
exercise  over  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  is 

such t h a t  t h e  e l e c t r o n  d e n s i t y  is g e n e r a l l y  h i g h e r  

a t  midday below 1000 km, showsa s m a l l  d i u r n a l  v a r i a t i o n  

near  1000 km, and is g e n e r a l l y  h i g h e r  a t  a l t i t u d e s  

between 1000 and 2000 km a t  n i g h t .  

I n  an u n d i s t u r b e d  m i d - l a t i t u d e  i o n o s p h e r e ,  i t  is 

g e n e r a l l y  accep ted  t h a t  t e m p e r a t u r e  e q u i l i b r i u m  can  

be expec ted  a t  n i g h t .  S i g n i f i c a n t  d e p a r t u r e s  f rom 

e q u i l i b r i u m  can be  expec ted  a t  s u n r i s e  and d u r i n g  

d i s t u r b e d  c o n d i t i o n s .  Toward midday under  q u i e t  
m i d - l a t i t u d e  c o n d i t i o n s  s i g n i f i c a n t  d e p a r t u r e s  f rom 

e q u i l i b r i u m  can be expec ted  i n  t h e  lower F r e g i o n ,  

but s m a l l  d i f f e r e n c e  between T e ,  Ti and T 
observed below 150 and above 450 km. 

+ 

a r e  
g 
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(9) Except  f o r  t h e  s u n r i s e  anomaly t h e  d i u r n a l  maximum 

and minimum v a l u e s  of e l e c t r o n  t empera tu re  a t  mid- 

l a t i t u d e s  approximate t h e  d i u r n a l  extremes of t h e  

n e u t r a l  g a s  t empera tu re  i n  t h e  upper ionosphere .  

An observed  l a t i t u d e  dependence of e l e c t r o n  tempera- 

t u r e  s u g g e s t  t h a t  co rpuscu la r  r a d i a t i o n  is  an 

impor t an t  h e a t  sou rce  a t  high l a t i t u d e s .  

12. ACKNOWLEDGEWTS 

I wish  t o  acknowledge t h e  h e l p f u l  d i s c u s s i o n s  w i t h  A .  C .  A I K I N ,  

S.  J. BAUER, L. H. BRACE, S. CHANDRA, L.G.  SMITH and E. C. 

WHIPPLE. I a l s o  wish t o  thank L. H. BRACE, J. L. D O N L N ,  

J.  E. JACKSON, S. J. BAUER, E. SCHAEFFER and e s p e c i a l l y  t h e  

i n v e s t i g a t o r s  a s s o c i a t e d  w i t h  t h e  A r i e l  s a t e l l i t e  f o r  making 

t h e i r  r e s u l t s  a v a i l a b l e  i n  advance of p u b l i c a t i o n .  

47 



REFERENCES 

I \j 
A i k i n ,  A .  C . ,  1962a,  I n t e r n a t i o n a l  Symposium on E q u a t o r i a l  

A i k i n ,  A .  C . ,  1962b, Goddard Space F l i g h t  Cen te r  Repor t  X-215-62-132.' 

Aeronomy, Lima, P e r u ,  September 25.  

Aono, Y . ,  H i r a o ,  K .  and Miyazaki ,  S . ,  1961,  J o u r n .  Rad. R e s .  
Lab. ,  J a p a n ,  - 8, 453. 

B a t e s ,  D .  R . ,  1956,  S o l a r  E c l i p s e s  and t h e  I o n o s p h e r e ,  Beynon 
and Brown, e d i t o r s ,  Pergamon P r e s s ,  P.  184 .  

B a t e s ,  D .  R .  and P a t t e r s o n ,  T .  N .  L . ,  1961,  P l a n .  Space S c i e n c e s ,  
5 ,  257. - 

Bauer ,  S.  J .  and J a c k s o n ,  J .  E . ,  1962,  J o u r n .  Geophys. R e s . ,  
67, 1675. - 

Bauer ,  S.  J . ,  1962, Jourr:. Atmos. S c i . ,  1 9 ,  276. 

Baue r ,  S.  J . ,  1963, N a t u r e ,  J a n u a r y .  

Baue r ,  S.  J .  and Bourdeau,  R .  E . ,  1962,  Journ5. Atmos. S c i e n c e s ,  
19 ,  218. - 

B e l r o s e ,  J .  S .  and Burke ,  M. J . ,  1961,  URSI mee t ing ,  Washington,  
D. C . ,  May 4 .  

Be rn ing ,  W .  W . ,  1960,  J o u r n .  Geophys. R e s . ,  - 65 ,  2589. 

-Blamont ,  J . ,  1961,  Second I n t e r n a t i o n a l  Symposium on Space 
Sc iences ,  F l o r e n c e ,  I t a l y ,  1962. 

Bourdeau, R .  E . ,  Whipple ,  E .  C .  and C l a r k ,  J .  F . ,  1959,  J o u r n .  
Geophys. R e s .  - 64,  1363. 

Bourdeau, R .  E . ,  1961,  P r o c .  Second I n t e r n .  Space S c i e n c e s  
Symposium, p .  554. 

Bourdeau, R .  E . ,  Donley,  J .  L . ,  S e r b u ,  G .  P .  and Whipple ,  E.  C . ,  
1961, J o u r n .  A s t r o n .  S c i e n c e s ,  - 8,  65 .  

'Bourdeau,  R .  E .  and Baue r ,  S.  J . ,  1962,  T h i r d  I n t e r n .  Space 
Sciences Symposium, Washington,  D. C . ,  May. 

Bourdeau, R .  E . ,  Donley,  J .  L . ,  Whipple ,  E .  C .  and  Baue r ,  S. J . ,  
1962, J o u r n .  Geophys. R e s . ,  - 6 7 ,  467.  

4 8  



B o w l e s ,  K .  L . ,  Ochs, G .  R .  and G r e e n ,  J .  L . ,  1962, Journ .  
Research, Na t iona l  Bureau of S tandards ,  66,  395. - 

Brace,  L. H . ,  1962, Un ive r s i ty  of Michigan S c i e n t i f i c  Report ,  
i 

J S  3 ,  03599-11-F. 

Chandra, S., 1962, NASA Tech. N o t e , , p r e p r i n t .  

Chubb, T. A . ,  Friedman, H. and Krepl in ,  R .  W . ,  1960, Journ.  
Geophys. R e s . ,  65,  1831. - 

J 
Dalgarno, A . ,  McElroy, M. B .  and Moffet t ,  R .  J . ,  1962, Geophys. 

Corp. of America Tech. Report 62-11-N. 

Dessler, A .  J . ,  1959, Journ .  Geophys. R e s . ,  64,  397. 

Donahue, T.  M . ,  1962, Space Science Reviews, 1, 135. 

Dungey, J .  W . ,  1955, The Phys ics  of t h e  Ionosphere,  London, 

- 

- 

Phys ica l  S o c i e t y ,  p .  229. 

Evans, J .  V . ,  1962, Journ .  Geophys. R e s . ,  67,  4914. 

F a i r e ,  A .  C .  and Chapman, K .  S., 1959, Phys. Rev., 113, 1. 

Friedman, H. , 1959, Proc.  I . R . E . ,  47, 272. 

Friedman, H . ,  1962, A s t r o n a u t i c s ,  14 ,  August. 

Gardner,  F. F. and Pawsey, J .  L . ,  1953, Journ .  Atmos. and 

- 

- 

T e r r .  Phys. 3 ,  231. 

Hale ,  L. C . ,  1961, Journ .  Geophys. R e s . ,  66,  1554. 

Hanson, W .  B. and Johnson, F. S., 1961, L e s  Congres e t  
Col loques de L ' U n i v e r s i t e '  de Liege,  20,  390. 

- 

- 
Hanson, W .  B.  and McKibbin, D.  D . ,  1961, Journ .  Geophys. R e s . ,  

66, 1667. - 
Hanson, W .  B . ,  1962a, Journ .  Geophys. R e s . ,  67,  183. - 
Hanson, W .  B . ,  1962b, Th i rd  I n t e r n .  Space Sc iences  Symp., 

Washington, D.  C . ,  May. 

H a r r i s ,  I .  and P r i e s t e r ,  W . ,  1962, Journ.  Geophys. R e s . ,  - 67, 
4585. 

49 



Hinteregger ,  H.  E . ,  Damon, K .  R .  and H a l l ,  L .  H . ,  1959, Journ .  
Geophys. R e s . ,  - 64,  961. 

Hinteregger ,  H. E .  and Watanabe, K . ,  1962, Jou rn .  Geophys. R e s . ,  
67, 3373. - 

Hulburt ,  E .  C . ,  1938, Phys. Rev. ,  - 53, 344. 

I c h i m i r j a ,  T . ,  Takayama, K .  and Aono. Y . ,  1959, Journ.  Radio 
Res. Lab., Japan,  - 13, 155. 

Is tomin,  V .  G . ,  1960, A r t i f i c i a l  Ear th  S a t e l l i t e s ,  - 2.  

J a c c h i a ,  L . ,  1962, Th i rd  I n t e r n .  Space Sc iences  Symp., Washington, 
D.  C . ,  May. 

Jackson,  J .  E .  and Kane, J .  A . ,  1959, Jou rn .  Geophys. R e s . ,  
64, 1074. - 

Jackson,  J .  E .  and Bauer,  S.  J . ,  1961, Jou rn .  Geophys. R e s . ,  
66, 3055. - 

Jas t row,  R . ,  1961, 25 th  Wright Bro the r s  Lec tu re ,  Washington, 
D. C . ,  December. 

Johnson, C .  Y . ,  Meadows, E .  B. and Holmes, J .  C . ,  1958, Journ .  
Geophys. R e s . ,  - 63, 443. 

Kane, J .  A . ,  1959, Journ .  Geophys. R e s . ,  - 64, 133. 

Kane, J .  A . ,  1960, AGARD meeting, Athens,  Greece, March. 

Kasner, W .  H . ,  Rogers, W .  A .  and Biondi ,  M. A . ,  1961, Phys. 
Rev. Le t te rs ,  - 7 ,  321. 

Knecht, R .  W .  and R u s s e l l ,  S . ,  1962, Jou rn .  Geophys. R e s . ,  
67, 1178. - 

Krasnuskin,  P. E .  and Kolesnikov, N .  L . ,  1962, Dokl. Akad. 
Nauk., SSSR, 146, 596. 

Krassovsky, V .  I . ,  1959, Proc.  I . R . E . ,  41 ,  289. - 

Krepl in ,  R .  W . ,  Chubb, T. A .  and Friedman, H . ,  1962, Journ.  
Geophys. R e s .  67,  2231. - 

Lindsay, J .  L . ,  1962, Th i rd  I n t e r n a t i o n a l  Symposium on Space 
Phenomena, D e t r o i t ,  Michigan, October .  

50 



Loeb, L. B . ,  1955,  B a s i c  P r o c e s s e s  of Gaseous E l e c t r o n i c s ,  
U n i v e r s i t y  of C a l i f o r n i a  P r e s s ,  p .  42 .  

Moehlum, B .  and O 'Br i en ,  B.  J . ,  1962, J o u r n .  Geophys. R e s . ,  
67 ,  3281. - 

Mange, P . ,  1961,  J o u r n .  Geophys. R e s . ,  - 66 ,  2263. 

Moler,  W .  F . ,  1960,  J o u r n .  Geophys. R e s . ,  - 65, 1459.  

N i c o l e t ,  M . ,  1945,  Mem. I n s t .  Roy. Metenol . ,  Blegium, - 19, 124.  

N i c o l e t ,  M. and A i k i n ,  A .  C . ,  1960,  J o u r n .  Geophys. Res . ,  - 45, 
1 4 6 ~ .  

N i c o l e t ,  M . ,  1961, J o u r n .  Geophys. R - . s . ,  - 6 6 ,  2263. 

N i c o l e t ,  M. and K o c k a r t s ,  G . ,  1962,  T h i r d  I n t e r n .  Space S c i e n c e s  
Symposium, Washington, D.  C . ,  May. 

P a e t z o l d ,  H. K . ,  1962,  J o u r n .  Geophys. R e s . ,  - 67 ,  2741. 

Pounds,  K .  A .  and Wil lmore,  A .  P . ,  1962, I n t e r n a t i o n a l  
Conference  on t h e  Ionosphe re ,  London,, J u l y .  

P o p o f f ,  I .  G .  and W h i t t e n ,  R .  C . ,  1962, J o u r n .  Geophys. R e s . ,  
6 7 ,  2986. - 

R a t c l i f f e ,  J .  A . ,  Schmer l ing ,  E .  R .  and S e t t y ,  C .  S . ,  1956,  
P h i l .  T r a n s .  Roy. S O C . ,  - 248,  621. 

R a t c l i f f e ,  J .  A .  and Weekes, K . ,  1960, P h y s i c s  of t h e  Upper 
Atmoapheye, R a t c l i f f e ,  e d i t o r ,  Academic P r e s s .  

S a y e r s ,  J . ,  Ro thwe l l ,  P .  and Wager, J .  H . ,  1962 ,  N a t u r e ,  
4847,  1i43. 

S a g a l y n ,  R .  C .  and Smiddy, M . ,  1963,  J o u r n .  Geophys. R e s . ,  
J a n u a r y .  

S e r b u ,  G .  P . ,  Bourdeau,  R .  E .  and Donley, J .  L . ,  1961,  J o u r n .  
Geophys. R e s . ,  - 66 ,  4313. 

456 .  
Seddon,  J .  C .  and J a c k s o n ,  J .  E . ,  1958, Ann. de  Geophys. ,  - 1 4 ,  

S i s s e n i i i i i i e ,  X . ,  1962, A s t r o n a u t i c s ,  August ,  p .  52 .  

51 



Smi th ,  L.  G . ,  1961a,  AGU mee t ing ,  Washington,  D .  C . ,  A p r i l .  

Smi th ,  L.  G . ,  1961b, AGU mee t ing ,  L o s  Ange le s ,  C a l i f o r n i a ,  
December 27. 

Spence r ,  N .  W . ,  B r a c e ,  L .  H .  and Car ignan ,  G .  R . ,  1962,  J o u r n .  
Geophys. R e s . ,  - 67 ,  157.  

T a y l o r ,  H .  A .  and B r i n t o n ,  H .  C . ,  1961,  J o u r n .  Geophys. R e s . ,  
66,  2587. - 

Ulwick, J .  C .  and P f i s t e r ,  W .  , 1962,  T h i r d  Intern.  Space S c i e n c e  
Symposium, Washington,  D .  C . ,  May. 

Van Zandt ,  T .  E .  and Bowles,  K .  L . ,  1960,  J o u r n .  Geophys. 
R e s . ,  - 65, 2627. 

Vegard, L . ,  1938,  Geophys. P u b l . ,  - 5.  

Watanabe, K .  and H i n t e r e g g e r ,  H.  E . ,  1962,  J o u r n .  Geophys. 
R e s . ,  67 ,  999. - 

Whipple, E.  C . ,  1959,  P roc .  I . R . E . ,  - 47, 2023. 

Whipple,  E .  C . ,  1960,  P roc .  I n t e r n .  A s t r o n .  Congres s ,  
Stockholm, p .  99 .  

Whithead, J .  D . ,  1960 ,  N a t u r e ,  - 188, 567. 

Whi t t en ,  R .  C .  and Poppof f ,  I .  G . ,  1961,  J o u r n .  Geophys. R e s . ,  
67 ,  2986. - 

Willmore,  A .  C . ,  Boyd, R .  L .  F .  and Bowen, S.  J . ,  1962,  Conference  
on t h e  Ionosphere  , London, J u l y .  

Wr igh t ,  J .  W . ,  1960 ,  J o u r n .  Geophys. R e s . ,  - 6 5 ,  335. 

Wulf,  0 .  R .  and Deming, L .  S . ,  1938,  T e r r .  Magn. and Atmos. 
E l e c . ,  43, 283. 

J apan ,  - 7 ,  335. 

- 

Yonezawa, T. and T a k a h a s h i ,  1960,  J o u r n .  Radio Research  L a b . ,  

King, J., 1963, Nature,in press. 

52 



FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4 .  

Figure 5 .  

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 

14. pi @Ur e 

The variability of solar X-ray emissions. Curves 
A, C and E are from FRIEDMAN (1962) Curves B and 
D are from POUNDS and WILLMORE (1962). 

Electron density profile of the quiet daytime D 
region at mid-latitudes for the period between 
solar maximum and solar minimum. 

Ion density profile of the quiet daytime D region 
at mid-latitudes for the period between solar 
maximum and solar minimum. 

Comparison of the D region under quiet and disturbed 
solar conditions. 

Rocket measurement (KANE, 1960) of the altitude 
dependence of electron collision frequency. 

Comparison of the production rate and the actual 
abundance of ions in the lower ionosphere. 

Rocket measurements of the diurnal and anomalous 
behavior of the E region. 

Comparison of the altitude dependence of electron 
production rate and electron density, illustrating 
the formation of the F2 peak. 

Empirical model (CHANDRA, 1962) of the shape of the 
F2 peak. 

Direct detection of helium ions from the Explorer 
VI11 retarding potential experiment. 

Comparison of experimental measurement with 
theoretically-obtained model (BAUER, 1963) of ion 
transition altitude as a function of atmospheric 
temperature. 

Indirect detection of helium ions from electron 
density profile obtained on a SCOUT rocket. 

SCOUT rocket measurements of the diurnal variation 
of the upper ionosphere. 

Qualitative model of the detailed diurnal variation 
of the upper ionosphere. 
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Figure 15. 

Figure 16. 

Figure 17. 

Figure 18. 

Comparison of the altitude dependence of neutral 
gas and experimental and theoretical electron 
temperatures at mid-latitudes under quiet solar 
conditions. 

Theoretical (DALGARNO, 1962) and experimental 
models of the altitude dependence of the difference 
between electron and neutral gas temperatures at 
mid-latitudes under quiet solar conditions. 

Diurnal variation of upper atmosphere temperature 
for altitudes above 450 km at mid-latitudes, solar 
decimeter flux = 150 x w/m2/cps. 

Possible latitude dependence of the diurnal 
variation of electron temperature for altitudes 
above 450 km, solar decimeter flux = 100 x 
w/m2/cps. 
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